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ABSTRACT 
RNA polymerase III (Pol III) transcribes tRNAs as well as other small non-coding RNAs. 
tRNA genes contain internal promoter sequences (A- and B-boxes) which can be specifically 
recognized and bound by TFIIIC. Binding of TFIIIC facilitates TFIIIB recruitment, which in turn 
targets Pol III to be recruited and initiate transcription. In addition to typical tRNA genes, there 
are other chromosomal regions, referred as extra-TFIIIC (ETC) sites, that are only bound by 
TFIIIC. Apart from transcription of genes, both complete and partially assembled Pol III 
complexes perform extra-transcriptional functions such as influencing nearby Pol II 
transcription, displacement of nearby nucleosomes, as well as chromatin boundary activities. 
By analyzing transcriptome data from high throughput RNA sequencing, we observed 
numerous alterations in intergenic transcription in close proximity to tDNAs and other Pol III 
complex binding sites after TFIIIC binding was globally compromised. Reduction of TFIIIC 
binding activity was achieved by using a yeast strain containing a mutation in the Reb1p binding 
site within the TFC6 promoter, which drastically reduces the level of the TFIIIC component 
Tfc6p. Analysis of loci adjacent to Pol III complex binding sites reveal both 5’- and 3’-extended 
transcripts, readthrough transcripts, and increased intergenic cryptic transcription. Many of the 
effects of 5’-UTR extension and de-repression appear to be due to the release of bidirectional 
activity of neighboring promoters. Translation of affected mRNAs is greatly altered because of 
the usage of upstream transcriptional start site (TSSs) at both TFC6 and TRM12 loci. The results 
presented here add another type of boundary activity to the known list of extra-transcriptional 
functions – the blocking activity of transcription from bidirectional promoters. Also, such 
activities might explain a function of the conserved ETC sites in yeast Saccharomyces cerevisiae.  
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Analysis of the TFC6 locus suggests regulatory effects of assembled Pol III complexes at 
ETC6 site. Also, Reb1p is confirmed to be the transcriptional factor that binds and activates the 
TFC6 promoter and it binds several base pairs upstream of the ETC6 site. Analysis of these two 
divergently transcribed genes (ESC2 and TFC6) reveals that both have 5’-UTR extensions after 
Reb1p is depleted or the Reb1 consensus binding site is mutated, which is consistent with results 
from our transcriptome data. Similarly, altered TSS results in a significant decrease of the 
translational level of both TFC6 and ESC2. By assessing nucleosome content within the 
intergenic region ESC2-TFC6, we find that nucleosome positioning is slightly altered, which 
could explain the observed 5’-extended transcripts of both genes.  
Taken together, both of these studies demonstrate significant effects of assembled Pol III 
complexes and Reb1p binding on the transcription of neighboring Pol II promoters and on the 
translation of their mRNA products. 
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CHAPTER 1 
INTRODUCTION 
In cells, the regulation of gene expression is driven by numerous different mechanisms at 
different stages including DNA replication, RNA transcription, translation, and post-translation. 
Gene regulation is critically essential to cells, which can turn on or off, or modulate the levels of 
certain gene products at different cellular stages and under different environmental conditions in 
order to maintain normal growth and development of the organism.  
DNA Modification 
Chromatin Structure (structural) 
In eukaryotic genomes, the long linear DNA within chromosomes is tightly and 
hierarchically packed in the nucleus to form a complex called chromatin. The basic repeating 
unit of chromatin is the nucleosome, which represents the first level of chromatin organization. 
The nucleosome core has 146bp DNA wrapped around an octameric protein core (Andrews and 
Luger, 2011) which is assembled from two copies each of histones H2A, H2B, H3 and H4. 
Nucleosomes are separated from each other by short stretches of DNA, known as linker DNA, 
with varied average length across different species (~18bp in S. cerevisiae, ~28bp in Drosophila 
melanogaster and C. elegans, and ~38bp in humans) (Barski et al., 2007; Lee et al., 2007b; 
Mavrich et al., 2008a; Mavrich et al., 2008b; Schones et al., 2008; Shivaswamy et al., 2008; 
Valouev et al., 2008). The linker DNA may be bound by histone H1. 
Besides DNA packaging, nucleosomes perform significant regulatory roles in many 
cellular processes including gene expression. Due to the specific chromatin structure (DNA 
wrapped tightly around a nucleosome), some loci will become more transparent to transcription 
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factors to be active for transcription and other loci will be less accessible and become 
transcriptionally repressive. Based on both structure and transcriptional state, chromatin can be 
categorized into euchromatin and heterochromatin (Figure 1.1). In euchromatin, gene 
concentration is high and is permissive for transcription. On the other hand, heterochromatin 
such as telomeres and centromeres, is highly condensed, and is usually transcriptional inactive 
(except for facultative heterochromatin, which can become transcriptionally active under certain 
conditions). With the development of high-throughput sequencing, many genome-wide 
nucleosome mapping results show that certain nucleosomes are highly organized and well 
positioned. That is, the majority of nucleosomes are at the same genomic location within a 
population of cells and only a minority of nucleosomes are delocalized (Jansen and Verstrepen, 
2011). In contrast to previous models depicting chromatin structure as a static building block, the 
nucleosome core is now clearly understood as a highly dynamic structure, and the alteration of 
nucleosomes results in an altered DNA accessibility (Workman and Kingston, 1998). Thus, the 
state of the nucleosome core and its tail regions plays a crucial role in determining the 
transcriptional potential of any region of chromatin.  
Many physical and biochemical studies have revealed that the nucleosome core can 
undergo structural transitions when challenged with low or high ionic strengths, low salt 
concentration, binding of intercalating agents, or denaturation caused by urea, which in turn can 
unfold or disassemble nucleosome cores (McGhee and Felsenfeld, 1980). Previous thermal 
denaturation studies demonstrate another reversible conformational change in the nucleosome 
core particle – the first 20bp into the nucleosome core can be unwrapped from the histone 
octamer with increasing temperature, which can then lead to increased accessibility of regulatory 
proteins to their target DNA sequence (Tatchell and Van Holde, 1978). Another type of 
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mechanism to alter chromatin structure is to slide core histones along DNA sequence through 
ATP-dependent remodeling complexes, resulting in increased transcription factor binding or 
restriction enzyme access to nucleosomal DNA (Cairns et al., 1996; Cote et al., 1994; Kwon et 
al., 1994; Peterson and Herskowitz, 1992; Tsukiyama et al., 1994; Tsukiyama and Wu, 1995). 
Therefore, different chromatin structures that are either more accessible to regulatory proteins or 
more tightly organized are surely an important mechanism in gene regulation. 
 
Figure 1.1: Chromatin and nucleosome structure. Adapted from (Russ et al., 2012). Chromatin 
can be categorized into euchromatin and heterochromatin. Euchromatin is characterized by 
sparse nucleosome density and heterochromatin has high nucleosome density and is very 
compact. Nucleosomes consist of 146bp DNA that wraps 1.65 turns around a complex of histone 
proteins, composed of two each of the H2A, H2B, H3, and H4 histone proteins or their variants. 
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DNA Methylation (chemical) 
DNA methylation is a universal biochemical process that can be found in the genomes of 
diverse organisms including both prokaryotes and eukaryotes. In prokaryotes, a methyl group is 
added to both cytosine and adenine nucleotides (Wilson and Murray, 1991). While, in 
multicellular eukaryotes, methylation selectively occurs on cytosine and leads to a repressed 
chromatin state and inhibition of gene expression (Bird and Wolffe, 1999). The methylation 
occurrence on cytosine differs greatly between species, ranging from approximately 6% in the 
plant Arabidopsis thaliana (Kakutani et al., 1999), 25% in the maize genome (Papa et al., 2001), 
and virtually none (<0.0002%) in yeast species (Capuano et al., 2014). 
Previous evidence has accumulated implicating that DNA methylation plays an important 
role in a number of biological processes: alteration of DNA-protein interactions, regulation of 
gene expression in eukaryotes, effects on DNA replication and differentiation (Doerfler, 1981; 
Ehrlich and Wang, 1981; Pratt and Hattman, 1981; Razin and Friedman, 1981; Razin and Riggs, 
1980). Generally, there are two main types of DNA methyltransferases (DNMTs) responsible for 
DNA methylation: de novo methyltransferases, which target cytosine methylation at previously 
unmethylated CpG sites; and maintenance methyltransferases, which are responsible for passing 
down pre-existing methylation patterns onto the newly synthesized DNA strand (Klose and Bird, 
2006). In conjunction with DNA methyltransferases, methyl-CpG-binding-proteins (MBPs) also 
play an essential role in transcription silencing and chromatin remodeling and modification. 
There are three general mechanisms mediated by DNA methylation to lead to gene repression. 
First, methylation of cytosine bases can directly block DNA-binding proteins like transcriptional 
activators from binding to target DNA sequences (Klose and Bird, 2006; Watt and Molloy, 1988) 
(Figure 1.2, [A]). Second, MBPs recognize methylated DNA and recruit co-repressors to silence 
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gene expression directly (Nan et al., 1997; Nan et al., 1998) (Figure 1.2, [B]) or inhibit 
transcription elongation after modifying surrounding chromatin (Lorincz et al., 2004) (Figure 
1.2, [D]). Third, DNA methylation can couple with epigenetic modification to achieve gene 
silencing through the non-enzymatic role of DNMTs which can interact with histone 
methyltransferases (Fuks et al., 2003; Geiman et al., 2004; Lehnertz et al., 2003) and histone 
deacetylases (Bai et al., 2005; Fuks et al., 2000; Fuks et al., 2001; Geiman et al., 2004; Rountree 
et al., 2000) (Figure 1.2, [C]). 
 
Figure 1.2: Mechanism of DNA-methylation-mediated repression (Klose and Bird, 2006). (A) 
By blocking activators from binding targets sites, DNA methylation directly inhibits 
transcriptional activation. (B) (MBPs) directly recognize methylated DNA and recruit co-
repressor molecules to silence transcription and to modify surrounding chromatin. (C) The 
addition of methyl groups to DNA is coupled to transcriptional repression and chromatin 
modiﬁcation. (D) DNA methylation within the body of genes can also have a dampening effect 
on transcriptional elongation. MBPs might be involved in inhibiting elongation, either directly or 
by their effects on the surrounding chromatin structure (Klose and Bird, 2006). 
Histone Modification 
There are five major families of histones in eukaryotic cells: H1, H2A, H2B, H3, and H4. 
All histones are known to act as substrates for posttranslational modifications (PTMs) (Allfrey et 
al., 1964), and there are at least eight distinct types of modifications found on histones  
(Kouzarides, 2007). Modification on histones can not only affect inter-nucleosomal interactions 
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but also overall chromatin structure. Once chromatin structure is altered, the recruitment and 
interaction of proteins and complexes with specific enzymatic activities can be influenced. In this 
way, many biological processes are affected such as gene transcription, DNA replication, DNA 
repair and recombination (Bannister and Kouzarides, 2011). 
Histone Acetylation  
Histone acetylation, first reported by Allfrey in 1964 (Allfrey et al., 1964), is one of the 
best understood histone modifications (Johnson and Turner, 1999). With the exception of H2A, 
the core histones are acetylated at four to five sites. It happens at the -amino groups of 
conserved lysine residues located in the N-terminal tail domains and is regulated by two families 
of enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs). These two 
enzymes have opposite functions in adding or removing acetyl group from histones. The HATs 
use acetyl CoA as cofactor and catalyze the transfer of an acetyl group to the -amino group of 
lysine side chains. There are two types of HATs: type A and type B. The type B HATs are 
mainly acetylating free histones instead of those already organized into chromatin. While, the 
type A HATs are more diverse and can modify multiple sites within the histone N-terminal tails 
(Hodawadekar and Marmorstein, 2007). Both types of HATs can neutralize the positive charge 
on lysine residues by adding acetyl groups, which can disrupt higher order chromatin folding 
(Garcia-Ramirez et al., 1995). The destabilization of chromatin structure can further facilitate 
transcription (Nightingale et al., 1998; Tse et al., 1998). Histone acetylation can also affect the 
interaction of non-histone chromosomal proteins with chromatin by facilitating the interaction of 
transcription factors with nucleosomal DNA (Workman and Kingston, 1998) and by modulating 
the interaction of proteins with the N-terminal domains (Edmondson et al., 1996). Studies with 
yeast HATs have revealed that histone acetylation plays a key role in regulating the transcription 
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process (Ikeda et al., 1999; Ohba et al., 1999; Steger et al., 1998; Utley et al., 1998). The 
recruited HATs can stimulate transcription from a chromatin template by either stimulating 
transcriptional initiation or elongation (Ikeda et al., 1999; Kraus et al., 1999; Madisen et al., 
1998). In contrast to HATs, recruitment of HDACs can lead to histone deacetylation, which can 
cause the chromatin to revert back into repressive higher order structure. In this way, the 
recruitment of HDACs and/or HDAC-corepressor complexes can repress transcription (Davie 
and Chadee, 1998). 
Histone Methylation 
Histone methylation was first discovered more than thirty fifty years ago (Murray, 1964). 
Methyl groups are added to amino acid residues of histone proteins by histone 
methyltransferases (HMTs). Depending on which amino acids in the histones are methylated and 
how many methyl groups are attached, histone methylation can lead to either transcriptional 
activation or transcriptional repression. Side chains of lysines and arginines are the major targets 
for histone methylation. Lysine can be mono-, di-, or tri-methylated and arginine can be mono-
methylated, or either symmetrically or asymmetrically di-methylated (Bedford and Clarke, 2009; 
Lan and Shi, 2009; Ng et al., 2009). Methylation of lysine residues can take place on histone H3 
at K4, K9, K27, K36, K56, K79 and on histone H4 at K20 with the aid of histone lysine 
methyltransferases (HKMTs). Methylation of arginine residues can occur on histone H3 tails at 
R2, R8, R17, R26; on histone H4 at R3; and on histone H2A at R11, R29 with the aid of arginine 
methyltransferases (PRMTs) (van Holde et al., 1989). Also, studies have shown that the N-
terminus of H1 can be methylated at lysine residues (van Holde et al., 1989). Unlike histone 
acetylation, histone methylation does not alter the overall charge of the histone tails. Instead, it 
can change the overall basicity, hydrophobicity and DNA affinity (Byvoet et al., 1978; Byvoet et 
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al., 1972). Because histone methylation can modulate histone interaction with DNA and 
chromatin-associated proteins, it can lead to alteration of nucleosomal structures and functions 
and ultimately influence different biological processes such as transcription, DNA replication, 
DNA damage response, heterochromatin formation and somatic cell reprogramming (Rice and 
Allis, 2001; Zhang and Pradhan, 2014). In budding yeast, H3K4me3 and H3K36me3 are 
responsible for transcription activation, and are found to be associated with the initiated form of 
RNA Pol II and the elongating form of RNA Pol II respectively. Also, H3K36me3 can suppress 
inappropriate initiation from cryptic start sites within the coding region (Carrozza et al., 2005; 
Cuthbert et al., 2004; Joshi and Struhl, 2005; Keogh et al., 2005). Overall, depending on the 
chromosomal content and different residues that are modified, histone methylation can have a 
variety effects on chromatin function, involving both repression and activation of gene 
expression (Mermoud et al., 2002; Peters et al., 2002; Plath et al., 2003). 
Histone Phosphorylation 
Histone phosphorylation is highly dynamic and it predominantly takes place on the N-
terminus of histone tails at serines, threonines, and tyrosines. Different kinases and phosphatases 
are used to mediate different modifications (Oki et al., 2007). For example, MSK1/2 and RSK2 
in mammals, and SNF1in budding yeast, have been shown to target H3S10 (Kouzarides, 2007). 
Histone phosphorylation adds significant negative charge that leads to the alteration of chromatin 
structure. H1 and H3 phosphorylation are cell-cyle dependent with the highest level of this 
modification happening in M-phase. Phosphorylation of H1 is correlated with gene transcription, 
which was demonstrated on the MMTV promoter. Inactivation of MMTV promoter is 
accompanied by the dephosphorylation of H1, whereas, reactivation of the promoter is associated 
with rephosphorylation of H1 (Lee and Archer, 1998). Histone H3 phosphorylation is correlated 
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with the transcriptional activation of early response genes like c-fos and c-jun through the kinase 
Ras/MAPK and SAPK cascades (Mahadevan et al., 1991; Thomson et al., 1999). Recent studies 
have identified that H3 phosphorylation at residue Ser10 and Ser28 and H1 phosphorylation play 
an essential role on the cell during mitosis (Goto et al., 2002; Wei et al., 1998; Wei et al., 1999). 
Also, evidence shows that phosphorylation of histones H2A.X (a minor variant of histone H2A), 
H2B (respectively on Ser139 and Ser32), H3 Ser10, H1 and H4 seems to be induced in response 
to a wide variety of apoptotic agents (Ajiro, 2000; Galasinski et al., 2002; Rogakou et al., 2000). 
In mammalian cells, phosphorylation of histone H2A.X at Ser139 is linked with DNA damage 
repair (Rogakou et al., 1998).  
Histone Ubiquitylation 
Ubiquitylation is a process that attaches ubiquitin to the target protein through three main 
steps: activation by enzyme E1, conjugation by enzyme E2 and ligation by enzyme E3. After 
these sequential steps, the Ub group is transferred to the lysine residue via an isopeptide bond. 
For histone ubiquitylation, two well-characterized sites lie within H2A and H2B. H2AK119ub1 
is involved in gene silencing (Wang et al., 2004a), whereas H2BK123ub1 plays an important 
role in transcriptional initiation and elongation (Kim et al., 2009; Lee et al., 2007a). Recent 
studies have also showed that methylation of H3K4 and H3K79 is prohibited after an appropriate 
mutation of the H2B ubiquitylated residue (Bannister et al., 2002; Briggs et al., 2001; Briggs et 
al., 2002; Feng et al., 2002; van Leeuwen et al., 2002). This demonstrates that ubiquitylation of 
H2B can affect H3 methylation, which further suggest that it can influence chromatin structure to 
be transcriptionally active or inactive.  
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Other Modifications 
Similar to the ubiquitylation, histone sumoylation is a process adding the SUMO peptide 
(Small Ubiquitin-like Modifier) to the -amino group of a lysine residue through three steps by 
SUMO enzymes (SAE1, Ubc9, and E3). However, unlike ubiquitylation, increasing evidence 
shows that histone sumoylation is linked with inactive chromatin (Shiio and Eisenman, 2003). 
SUMO-conjugating enzyme Ubc9 is found to decrease the expression of a reporter, decrease H3 
acetylation, and increase association of the heterochromatin-associated protein HP1 (Shiio and 
Eisenman, 2003). Also, a recent study has shown that sumoylation of the transcription factor 
Elk-1 leads to the recruitment of HDAC activity to the promoter, which further results in 
transcription repression (Yang and Sharrocks, 2004). In yeast, sumoylation can suppress 
transcription by antagonizing lysine acetylation and ubiquitylation (Nathan et al., 2006). 
Poly-ADP ribose chains (PAR) are generated by the successive attachment of anionic 
ADP-ribose monomers mediated by PARPs (PAR polymerases). Among this large family of 
enzymes, PARP1 is an abundant nuclear chromatin-associated protein (Hassa and Hottiger, 
2002). Increasing studies show that PARP1 can either activate transcription by formation of an 
enhanceosome (Tulin and Spradling, 2003) or repress transcription, and is essential for 
chromatin condensation (Tulin et al., 2002). Both of these opposing effects are dependent on the 
neighboring chromatin. In yeast, ADP ribosylation factors GAP and Gcs1p are suggested to be 
involved in the maintenance of mitochondrial morphology (Huang et al., 2002).  
Histone deimination results in the conversion of an arginine residue into citrulline 
mediated by peptidylarginine deiminases (PADs). Previous studies have suggested that the 
deimination of arginine might repress gene activation by preventing methylation of arginine 
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(Cuthbert et al., 2004; Wang et al., 2004b). Proline isomerization is another observed 
noncovalent histone modification. The peptide bond of proline can naturally interconvert 
between the cis- and trans- conformations. In yeast, the cis-trans conformational change of 
proline 38 at the H3 tail catalyzed by Fpr4p was found closely related with transcription by 
regulating methylation of H3K36 mediated by Set2p (Nelson et al., 2006). 
All of the histone modifications discussed above are necessary for the alteration of 
different chromatin structures. Those various histone modifications can be mutually dependent, 
and can influence on each other to create the “histone code” that finely and tightly regulates gene 
expression across the whole genome. 
Non-Coding RNA 
Accumulating studies demonstrate that a large repertoire of non-coding RNAs (ncRNAs) 
are transcribed from genomes beyond the traditional protein-coding RNAs (Kapranov et al., 
2007). Non-coding RNAs can be divided into small and long classes based on their different 
sizes. Small ncRNAs (sncRNA), including microRNAs, small nuclear RNAs, piwi interacting 
RNAs, transfer RNAs, and small nucleolar RNAs, are less than 200nt and long ncRNAs 
(lncRNA) are greater than 200nt to over 100kb in length (Mattick, 2001). ncRNAs have 
widespread regulatory functions in RNA interference (RNAi) and post-transcriptional gene 
silencing (Hannon, 2002). In S. pombe, siRNA, a subclass of small nuclear RNAs, is involved in 
nuclear RNAi mediated spreading of heterochromatin by siRNA-target base pairing (Buker et al., 
2007). Many studies have been done on the function of lncRNAs, and have classified them into 
small RNA hosts or precursor transcripts, enhancer associated RNAs (eRNAs), sense or anti-
sense transcripts overlapping with annotated gene bodies, and long intervening or intergenic 
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ncRNAs (lincRNAs) (Bergmann and Spector, 2014; Djebali et al., 2012; Guttman et al., 2009; 
Kim et al., 2010). Ermerging studies have shown that lncRNAs play critical regulatory roles in 
chromatin remodeling, transcription, post-transcriptional processing and intracellular trafficking 
(Chen and Carmichael, 2010; Hung and Chang, 2010; Pauli et al., 2011; Ponting et al., 2009; 
Wilusz et al., 2008). 
In Saccharomyces cerevisiae, majority of ncRNAs originate from bidirectional 
transcription initiation, and most of them are either rapidly degraded (cryptic unstable transcripts, 
CUTs) or appear to be more stable (stable un-annotated transcripts, SUTs). In yeast, SER3 is 
transcribed into SRG1 ncRNA in a serine-rich environment, and the presence of SRG1 correlates 
with the repression of the SER3 ORF (Martens et al., 2004; Martens et al., 2005). Similar cases 
have been reported at other loci including IME4 and IME1 as well as FLO11. At IME4 and 
IME1, transcription is repressed in cis- by transcription from the lncRNA loci RME2 and IRT1 
(Hongay et al., 2006; van Werven et al., 2012). The expression of FLO11 is regulated by a pair 
of ncRNAs – ICR1 and PWR1 – through a network of mutual transcriptional interference 
(Bumgarner et al., 2009). Besides the cis- interference, ncRNAs can regulate gene expression in 
trans- as well by recruiting repressive chromatin factors to silence target genes. The effects of 
non-coding RNA transcription are currently a vigorous area of research.  
Apart from regulating transcription via repression, recent studies have indicated an 
activating function for a large number of ncRNAs. As an example in Saccharomyces cerevisiae, 
an antisense ncRNA is transcribed across the uninduced PHO5 gene and its promoter, which 
allows efficient histone eviction and promotes timely recruitment of RNAPII to the PHO5 
TATA box and transcription of the gene (Uhler et al., 2007). Similar activating read-through 
transcripts were observed at the human CEBPA locus, but involves DNMT1 sequestration that 
13 
 
leads to decreased DNA methylation level and subsequent activation of CEBPA transcription 
(Bonasio and Shiekhattar, 2014; Di Ruscio et al., 2013). Functions of such ncRNAs were 
suggested to be linked with the organization of nucleosome, the alteration of chromosome state, 
and the interaction with effectors and mediators (Hasegawa et al., 2010; Lai et al., 2013; 
Saldana-Meyer et al., 2014).  
Eukaryotic Transcription 
Transcription is the process of copying genetic information stored in DNA into a 
complementary strand of RNA that can be transcribed into protein on ribosomes, or to act as a 
functional RNA. Eukaryotic transcription is much more complicated than prokaryotic 
transcription, and it takes place in the nucleus. Three sequential steps occur during the 
transcription process: initiation, elongation, and termination. Different from prokaryotes, 
eukaryotic initiation requires the aid of additional general transcriptional factors at promoter 
region. This interaction helps recruit the appropriate polymerases to the promoter region. The 
assembly of general transcription factors promotes RNA polymerase binding to the promoter, 
forming a transcription pre-initiation complex (PIC). Besides transcription factors, there are 
other factors that can modulate transcription – activators, which can positively aid in 
transcription, and repressors, which can negatively regulate the transcription process. In 
eukaryotic cells, three distinct RNA polymerases (Pol I, Pol II, and Pol III) are dedicated to the 
transcription of different classes of genes, making eukaryotic transcriptional regulation more 
complex than in prokaryotes. 
RNA polymerase I (Pol I) is dedicated to the synthesis of rRNA, which accounts for 60% 
of the transcriptional activity in eukaryotic cells (Moss and Stefanovsky, 2002). The rRNA gene 
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promoter contains two regulatory elements: the core promoter (located between -45 and +20) and 
the upstream control element (UCE; located between -200 and -107) (Figure 1.3) (Grummt, 
2003; Jantzen et al., 1990). The dimeric upstream binding factor (UBF) binds the UCE and the 
core element, then recruits the SL1 complex, which is comprised of TATA-binding protein 
(TBP) and three TBP-associated factors (TAFs). The formation of UBF-SL1(in human)/ TIF-IB 
in mouse) complex recruits Pol I to start transcription (Russell and Zomerdijk, 2006).  
 
Figure 1.3: RNA polymerase I promoter. Adapted from Weaver, R.F. Molecular Biology, 3rd 
Ed. 2005. Pol I promoter consists of the UPE in blue and the core element in pink containing the 
transcriptional start site or +1 site. 
RNA Polymerase II (Pol II) transcribes mainly protein-coding genes that can be 
translated to produce cellular proteins, as well as genes for several types of regulatory RNAs 
including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) (Goodfellow and 
Zomerdijk, 2013). For Pol II transcription to begin, a set of general transcription factors and 
RNA polymerase need to be sequentially assembled at the core promoter to form the PIC. 
Promoters recognized by Pol II usually contain two parts: the core promoter and upstream 
promoter elements. There are up to four elements included within the core promoter: a TATA 
box that is located at approximately position -33 (in yeast S. cerevisiae it varies from 30 to more 
than 300bp upstream of TSS), a TFIIB recognition element (BRE) that is just upstream of the 
TATA box, an initiator (Inr) centered on the transcription start site, and a downstream promoter 
element (DPE) (Figure 1.4) (molecular biology fourth edition). At a typical Pol II promoter, the 
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TATA-box-binding protein (TBP), part of the multimeric complex TFIID, binds to a TATA-box 
sequence and creates a bend in the DNA. Binding of TBP recruits TFIIA and TFIIB to the 
promoter, which then leads to binding of Pol II and TFIIF. TFIIE follows and joins the growing 
complex and recruits TFIIH. Together these proteins form the transcription initiation complex. 
The helicase activity of TFIIH opens the DNA to form a transcription bubble and initiate 
transcription, and its protein kinase activity phosphorylates the CTD of Pol II to allow 
transcription elongation (Hahn, 2004; Lee and Young, 2000). Following termination, Pol II is 
recycled to its unphosphorylated form to initiate another round of transcription (Hayashi et al., 
1998).  
 
Figure 1.4: RNA polymerase II promoter. Adapted from Weaver, R.F. Molecular Biology, 4th 
Ed. 2007. The upstream element in pink binds an activating transcription factor. BRE (in grey) is 
the TFIIB recognition element. The TATA box (blue) is an AT rich sequence that is specifically 
recognized by TBP or TATA-binding proteins. The initiator (in purple) is centered around the 
CAP site. The DPE or downstream promoter element is located downstream from the CAP site. 
With the rapid development of high-resolution tiling arrays, RNA sequencing and serial 
analysis of gene expression (SAGE), the eukaryotic genome has been revealed to undergo 
widespread genome-wide pervasive (cryptic) transcription. RNA Pol II has been found at 
unexpected sites such as intergenic regions and heterochromatin domains in Saccharomyces 
cerevisiae (Steinmetz et al., 2006) and at previously unannotated regions in human cells (Kim et 
al., 2005). Cryptic unstable transcripts (CUTs) were first identified as encoded in intergenic 
regions, and showed increased abundance in a mutant lacking Rrp6p. RRP6 codes for the 
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catalytic subunit of the nuclear exosome (Wyers et al., 2005). Many newly identified non-coding 
transcripts in Saccharomyces cerevisiae have been identified in rrp6 mutants (Wyers et al., 
2005). CUTs, usually 200-800nt long, are transcribed by RNA Pol II, capped and 
polyadenylated. They are targets of the nuclear exosome and are rapidly degraded in wild-type 
cells (Berretta and Morillon, 2009; Wyers et al., 2005). The first high-resolution genomic map of 
CUTs in S. cerevisiae was constructed by Steinmetz and Jacquier laboratories, and they found 
that CUTs account for 13% of total transcripts (Neil et al., 2009; Xu et al., 2009). Furthermore, 
the Steinmetz lab also identified SUTs (stable unannotated transcripts) that represents 
approximately 12% of the transcripts identified by the tiling microarray (Xu et al., 2009). Unlike 
CUTs that were degraded by the nuclear RNA decay pathway mainly through the exosome, a 
group of XUTs transcripts were found to be targeted by cytoplasmic 5’-3’ RNA degradation 
pathway catalyzed by the RNA exonuclease Xrn1 (Thompson and Parker, 2007; van Dijk et al., 
2011). XUTs are Xrn1-sensitive unstable transcripts, and like SUTs are substrates of Xrn1 (van 
Dijk et al., 2011). MUTs, meiotic unannotated transcripts, are a subclass of CUTs that 
accumulated during meiotic development in S. cerevisiae (Lardenois et al., 2011). About two-
thirds of unannotated ncRNA transcription is initiated from nucleosome-free regions (NFRs) 
associated with the promoters of other transcripts (mostly protein-coding genes), or from NFRs 
at the 3’ ends of protein-coding genes (Mavrich et al., 2008a; Xu et al., 2009). Transcription 
from 5’-NFRs generates both sense and antisense orientated transcripts through a bi-directional 
promoter (Neil et al., 2009; Xu et al., 2009). Once thought to be simply “transcriptional noise” of 
the transcription process, production of some ncRNAs is now thought to have a significant effect 
on gene expression and chromatin states   (Khalil et al., 2009; Martens et al., 2004; Martens et 
al., 2005). 
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RNA polymerase III is responsible for synthesizing short untranslated RNAs including 
transfer RNAs (tRNAs), the small 5S ribosomal RNA (5S rRNA), U6 small nuclear 
spliceosomal RNA (SNR6), snR52 small nucleolar RNA, cytoplasmic 7SL RNA as well as the 
RNA component of RNase P (RPR1) (Geiduschek and Kassavetis, 2001; Huang and Maraia, 
2001; Paule and White, 2000). Generally, the transcription of polymerase III genes is under the 
control of intragenic DNA sequences which are referred as internal control regions (ICRs) 
(Ciliberto et al., 1982). RNA polymerase III promoters are more varied in structure than the 
uniform RNA polymerase I promoter. Based on different arrangements of promoter elements, 
they can be divided into three main types: 1, 2, and 3 (Figure 1.5). Type 1 and 2 promoters are 
located within the gene and are generally TATA-less, whereas the type 3 promoter is located 
outside the gene and contains a TATA box (Schramm and Hernandez, 2002). 
The type 1 promoter is unique to the 5S ribosomal RNA gene. It contains an A box, an 
intermediate element (IE), and a C box that is conserved among different species (Bogenhagen et 
al., 1980; Pieler et al., 1985). The A box element has relatively low affinity for TFIIIA, whereas 
the box C element are the main determinants of affinity for TFIIIA (Geiduschek and Tocchini-
Valentini, 1988). Type 2 internal promoters, representing the most abundant type of Pol III 
promoter, are found at the Ad2 VAI and most tRNA genes (Allison et al., 1983; Galli et al., 
1981; Hofstetter et al., 1981; Sharp et al., 1981). It contains conserved A-box and B-box ICR 
elements separated by a variable distance. The type III promoter was originally identified in 
mammalian U6 snRNA genes which encode the U6 snRNA component of the spliceosome (Das 
et al., 1988; Krol et al., 1987). It is composed of a distal sequence element (DSE) that enhances 
transcription and a core promoter composed of a proximal sequence element (PSE) and a TATA 
box (Hernandez and Lucito, 1988; Kunkel and Pederson, 1989; Mattaj et al., 1988). In 
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Saccharomyces cerevisiae, the type 3 promoter is a hybrid promoter consisting of a TATA box, 
an internal A box, and a B box located downstream of the coding region (Schramm and 
Hernandez, 2002). 
 
Figure 1.5: Different types of RNA polymerase III promoters (Adapted from Schramm and 
Hernandez, 2002). Both type 1 and type 2 promoters contain internal promoter elements. 5S 
rRNA genes contain a type 1 promoter with A- and C-boxes within the gene. The C-box is 
specifically recognized by TFIIIA. Type 2 promoters are found at tRNA genes containing an A- 
and B-box which together are specifically recognized by the TFIIIC complex. The type 3 
promoter of the Homo sapiens U6 snRNA gene consists of a distal sequence element (DSE) and 
a core promoter composed of a proximal sequence element (PSE) and a TATA box. In 
Saccharomyces cerevisiae, it is a hybrid promoter with a TATA box, an A box, and a B box 
located downstream of the coding region. 
Our studies are mainly focused on RNA polymerase III transcription complex assembly 
(Figure 1.6), and the associated regulatory impacts of this large complex machinery on 
neighboring chromosomal locations. In yeast, the entire Pol III transcription machinery bound to 
tDNAs (tRNA genes) is composed of three multimeric protein complexes: the transcription 
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factor TFIIIC (6 subunits), TFIIIB (3 subunits), and the Pol III enzyme complex (17 subunits) 
(Geiduschek and Kassavetis, 2001). As described above, a typical tRNA gene contains an A-box 
starting at ~12-20bp downstream of the transcription start site (TSS) and a B-box located 30-
60bp downstream of the A-box (Orioli et al., 2012). The B-box consensus sequence 
GWTCRANNC (Marck et al., 2006; Orioli et al., 2012) contains a highly conserved cytosine 
residue (underlined), and the mutation of this cytosine residue dramatically diminishes TFIIIC 
binding (Donze, 2012).  
 
Figure 1.6: Transcription complex assembly on a tRNA gene (Adapted from Teichmann et al., 
2010). A typical tRNA gene contains A- and B-boxes. TFIIIC complex (6 subunits) specifically 
recognizes and binds DNA at the B-box, and then recruits TFIIIB (3 subunits). The interaction 
between TFIIIB-TFIIIC-DNA targets RNA Pol III enzyme complex to the region and initiates 
transcription. 
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Specific binding of the TFIIIC complex to the A- and B-boxes is the initial step of tDNA 
gene transcription. TFIIIC complex is a flexible factor with the ability to bind two boxes of 
tRNA genes even though these boxes are separated by variable distances in different genes 
(Schultz et al., 1989). The 6 subunits of the TFIIIC complex are organized into two large 
subassemblies, A (Tfc1p, Tfc4p, and Tfc7p) and B (Tfc3p, Tfc6p, and Tfc8p). B can 
recognize and specifically bind to the B-box with high affinity and favors A-box binding by A 
(Geiduschek and Kassavetis, 2001). Binding of TFIIIC facilitates recruitment of the TFIIIB 
complex which is composed of three subunits: TBP, Brf1p and Bdp1p. TBP is involved in 
transcription by all three RNA polymerases, and it forms a very stable subcomplex with Brf1 at 
Pol III genes (Juo et al., 2003; Kassavetis et al., 2005). Brf1 is a modular protein with its N-
terminus structurally and functionally related to TFIIB, and it plays a major role in Pol III 
recruitment. The C-terminal part of Brf1 acts as a scaffold that holds the three TFIIIB subunits 
together (Kassavetis et al., 1998b). Also, Brf1 can recognize specific DNA sequences. Bdp1 
contains a SANT domain, and is the only subunit of TFIIIB that is specific to Pol III 
transcription (Kassavetis and Geiduschek, 2006). Brf1 and Bdp1 interact with the Tfc4p of 
TFIIIC. Binding of the TFIIIB complex bends the DNA and is associated with promoter opening, 
and recruits the Pol III enzyme complex by interaction of Brf1p with the C34 subunit of Pol III 
(Kassavetis et al., 1998a; Kassavetis et al., 2001). Pol III is well defined in S. cerevisiae and 
contains 17 subunits. Among these subunits, 6 are unique to RNA polymerase III without any 
apparent homologs in the other polymerases (C17, C31, C34, C37, C53, C82), 4 are homologous 
to pol I or/and pol II (C160, C128, C25, C11), 2 are common to RNA polymerase I and III 
(AC19, AC40), and 5 are shared by all three RNA polymerases (ABC10α, ABC10β, ABC14.5, 
ABC23, ABC27) (Huang and Maraia, 2001). C17, C34, and C82 are found to interact and 
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recognize the TFIIIC-TFIIIB-DNA complex (Geiduschek and Kassavetis, 2001). In contrast to 
pol I and pol II, pol III can recognize a cluster of four or more consecutive T residues as a 
termination signal even in absence of other transcriptional factors (Schramm and Hernandez, 
2002). After the initial round of transcription, pol III is recycled without being released from the 
DNA template, which can direct subsequent cycles 5 to 10 fold more rapidly than the first round. 
TFIIIB and TFIIIC all bend DNA, and it is hypothesized that internal recycling is facilitated by 
bringing the two ends of a class III gene into closer proximity. The whole process is referred as 
facilitated re-initiation or re-cycling (Dieci et al., 2013; Schramm and Hernandez, 2002). 
Therefore, tRNA genes appear to be constantly transcribed by RNA polymerase III machinery. 
Besides traditional Pol III complex binding sites, there are other genomic locations that 
have been shown to bind partial Pol III transcription complexes, most binding only TFIIIC. 
Those genomic sites that have only a B-box are referred as ETC (extra-TFIIIC) sites in 
Saccharomyces cerevisiae (Moqtaderi and Struhl, 2004). These regions appear to be non-
transcribed, since they do not have measurable Pol III occupancy. Genome-wide chromatin 
immunoprecipitation studies have revealed the presence of 9 ETC sites (ETC1-8 and ETC10) 
where only the TFIIIC complex is detected, whereas ETC9 (the iYGR033C region) is found to 
be occupied by both TFIIIB and TFIIIC (Guffanti et al., 2006; Moqtaderi and Struhl, 2004; 
Nagarajavel et al., 2013). ZOD1, zone of disparity, a locus bound by all components of the pol 
III machinery does not appear to express an RNA conserved among closely related yeast species 
(Moqtaderi and Struhl, 2004).  
 
 
22 
 
Extra-transcriptional Functions of Bound Pol III Machinery 
In addition to the main function of transcribing target genes, accumulated studies have 
suggested that complete or partial RNA polymerase III complexes assembled on DNA might 
have additional functions. Mostly studied in the yeast Saccharomyces cerevisiae, those activities 
have been designated as either “extra-transcriptional” (Conesa et al., 2005) or “product-
independent” (Clelland and Schultz, 2010) functions. Figure 1.7 provides an overview of extra-
transcriptional functions of Pol III system. 
 
Figure 1.7: Extra-transcriptional functions of Pol III complex bound sites in S. cerevisiae. 
Adapted from Donze 2012). A) targeting integration of Ty element; B) overriding nucleosome 
positioning signal; C) pausing of replication forks; D) functioning as chromatin boundary 
element; E) affecting transcription of neighboring Pol II genes; F) directing chromosomal 
organization. 
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Directing of Retroelement Integration 
In 1990, Chalker and Sandmeyer were the first to characterize the insertion of the yeast 
Ty3 elements to identify the genomic targets of transposition. This was the first experimental 
evidence that tDNAs can target transposon integration (Chalker and Sandmeyer, 1990). This 
study analyzed ninety-one independent insertions of a marked Ty3 element in S. cerevisiae 
through Southern blotting, and found that all insertions occurred at position -16 or -17 
(immediate upstream) relative to the 5’ end of different tRNA genes. This integration preference 
was more recently confirmed by characterizing over 10,000 Ty3 integrations in a high-
throughput sequencing analysis (Qi et al., 2012). Later, an in vitro integration assay was 
developed to determine which factors are required for position-specific Ty3 integration. The 
assay used Ty3 virus-like particles and a modified SUP2 tyrosine transfer RNA (tRNA(Tyr)), 
and found that Ty3 integration required binding of TFIIIC and TFIIIB (Kirchner et al., 1995), but 
interestingly was inhibited by Pol III (Connolly and Sandmeyer, 1997). Additionally, Ty3 
insertion requires the Set3C histone deacetylase complex and this complex appears to be 
physically present at tDNAs (Mou et al., 2006). 
Previous study on a collection of yeast strains with a marked Ty1 element showed 
that >100 Ty1 insertions located at a region near the SUF16 (tRNA
Gly
). Unlike Ty3 elements, the 
Ty1 class of retrotransposons are targeted to sites that are approximately 700bps upstream of 
tDNAs (Devine and Boeke, 1996; Ji et al., 1993) with a periodicity of ~80bp (Bachman et al., 
2004). The N-terminal domain of Bdp1p is required for periodic Ty1 integration and is required 
for targeting of ISW2 complex to tDNAs. ATP-dependent chromatin remodeling by ISW2 
upstream of tDNAs can lead to changes in chromatin structure and Ty1 integration site selection 
(Bachman et al., 2005). Since tDNAs contain internal promoter elements, targeting Ty insertion 
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upstream of tDNAs could limits deleterious effects on the host, by directing integrations to 
intergenic regions (Boeke and Devine, 1998). 
Overriding Nucleosome Positioning 
Influencing nucleosome positioning is another observed extra-transcriptional effect of 
tDNAs bound by Pol III system. Morse et al. (1992) found that competent tRNA genes were 
transcribed and not incorporated into nucleosomes, whereas mutated, inactive tRNA genes were 
nucleosomal (Morse et al., 1992). This finding suggested that the binding of TFIIIC, or the entire 
Pol III complex is dominant to intrinsic nucleosome formation. Accumulated nucleosome 
positioning studies in yeast have demonstrated that tDNAs and ETC sites are indeed nucleosome 
free (Jansen and Verstrepen, 2011; Mavrich et al., 2008a; Xu et al., 2009), which hints that 
TFIIIC binding is dominant to nucleosome formation at B-box sequences. 
Chromatin Boundary Activity 
Chromatin boundary activity is one of the first characterized extra-transcriptional 
functions of Pol III complex formation. Boundary elements are DNA sequences that serve as 
regulatory elements to prevent mis-regulation of genes (Gaszner and Felsenfeld, 2006; Lunyak, 
2008; Valenzuela and Kamakaka, 2006). Boundary elements can be categorized into two distinct 
types: insulators (enhancer-blockers) and barriers (Sun and Elgin, 1999). Insulators exert 
functions only when located between an enhancer and a promoter. Proteins bound to insulators 
prevent enhancers from activating transcription from non-target gene promoters. Barriers are 
boundary elements that prevent heterochromatic silencing from spreading to euchromatin. 
Barrier functions of tDNAs were first demonstrated at the HMR mating locus in S. 
cerevisiae, which is silenced by propagating heterochromatin formation. Donze et al (1999) 
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found that there are boundary elements on both sides of HMR that to block the silencing from 
spreading farther upstream or downstream (Donze et al., 1999). This study demonstrated that the 
key downstream boundary element was a tDNA sequence (Donze et al., 1999; Donze and 
Kamakaka, 2001). Later studies showed that an ectopically placed ETC site binding only TFIIIC 
was also sufficient to mediate barrier function at HMR (Simms et al., 2008; Valenzuela et al., 
2009). In the fission yeast S. pombe, both tDNAs and sequences with TFIIIC binding also serve 
as barriers to demarcate euchromatic and heterochromatic domains (Noma et al., 2006; Partridge 
et al., 2000; Scott et al., 2006). TRT2, a tDNA adjacent to the STE6 2 operator, was discovered 
to have both insulator and barrier functions (Simms et al., 2008; Simms et al., 2004).  
Pausing of Replication Forks 
An in vivo analysis of DNA replication in yeast revealed the presence of replication fork 
pause sites (RFP sites) that transiently arrest replication fork movement. Mapping of these 
regions showed that replication forks stalled when encountering tRNA genes transcribed head-on 
but not those transcribed co-directionally (Deshpande and Newlon, 1996). Recently, it was 
suggested that the transcriptional initiation complex rather than elongating RNA polymerase was 
responsible for the RFP sites at tRNA genes (Ivessa et al., 2003). Pryce et al (2009) showed that 
the tRNA genes also affect fork progression in S. pombe (Pryce et al., 2009).  
Transcription Inhibition of Adjacent Pol II Promoters 
tRNA genes bound with Pol III complexes (either transcribed or not) have negative 
effects on neighboring Pol II gene transcription, and such phenomenon has been referred to 
either tRNA gene mediated silencing (tgm silencing) (Hull et al., 1994) or tRNA position effect 
(Bolton and Boeke, 2003; Simms et al., 2004). Inhibition mediated by tgm silencing requires 
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active transcription of the upstream tRNA gene but is independent of its orientation and distance 
(Hull et al., 1994).  
Kinsey and Sandmeyer first reported that a tDNA has an inhibitory effect on Pol II 
transcription of the Ty promoter by the evidence that the mutation of the Sup2 tDNA resulted in 
a significant increase of neighboring Ty3 transcription (Kinsey and Sandmeyer, 1991). 
Additionally, an ETC site with only TFIIIC binding was also demonstrated to have regulatory 
effects on the neighboring Pol II genes. ETC6, upstream of TFC6, is bound by the TFIIIC 
complex. TFC6 codes for the Tfc6 protein, which is one subunit of TFIIIC complex. Previous 
studies has demonstrated that the mutation of ETC6 resulted in an increase in TFC6 transcription 
and overexpression of Tfc6p downregulated marker gene expression from its own promoter 
(Kleinschmidt et al., 2011).  
Association with Cohesin, Condensin, and Genome-wide Organization 
Both cohesin and condensin are essential protein complexes that are involved in various 
aspects of chromosomal functions, and are grouped into the SMC (structural maintenance of 
chromosomes) category of proteins (Gartenberg and Merkenschlager, 2008). The barrier activity 
of the tDNA at HMR in yeast required the assistance of cohesion subunits Smc1p and Smc3p, as 
mutation of these subunits resulted in the loss of barrier activity (Donze et al., 1999). Condensin-
binding sites were analyzed genome-wide by high-resolution oligonucleotide tiling arrays, and 
results showed that a significant fraction of these sites mapped to tRNA and other genes bound 
by the RNA polymerase III transcription factor TFIIIC (D'Ambrosio et al., 2008). Several other 
studies in both budding and fission yeast have demonstrated that the TFIIIC complex has a 
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significant role on clustering and the sub-nuclear localization of tDNAs (Haeusler et al., 2008; 
Hiraga et al., 2012; Iwasaki et al., 2010; Noma et al., 2006; Thompson et al., 2003).  
The second chapter of this dissertation discusses local and genome-wide alterations of 
transcripts that are synthesized by RNA polymerase II after Pol III complex assembly is 
compromised. RNA isolated from yeast strains containing a tfc6 promoter mutation (resulting in 
under-expression of Tfc6p) and wild-type yeast were subjected to high throughput RNA 
sequencing (RNA-seq). By comparing RNA-seq reads between mutants and wild-type using a 
series of computational analyses, Pol II transcript alterations adjacent to TFIIIC binding sites 
were discovered which included 5’-UTR extended transcripts, 3’-UTR extended transcripts, and 
de-repression of adjacent genes and intergenic regions. Several 5’-UTR extended transcripts 
were found to result in significantly reduced protein levels, which suggests that assembled RNA 
Pol III complexes can not only affect the transcriptional level of adjacent genes, but also the 
translational level of neighboring Pol II gene by altering the transcription start site. 
The third chapter is mainly focused on the TFC6 promoter. Analysis of this promoter 
demonstrates that the transcription factor Reb1p can bind and activate gene expression from the 
TFC6 promoter. By turning off Reb1p expression in yeast cells, a 5’ extended TFC6 mRNA was 
observed, which is the same phenotype observed upon mutating the Reb1p binding site. 
Additionally, the extended TFC6 mRNA greatly compromised the Tfc6p level. Furthermore, the 
same effects are detected at the divergently transcribed ESC2 gene upstream of TFC6, suggesting 
that Reb1p sets the proper transcription start site for both divergently transcribed genes. By 
performing chromatin immunoprecipitation with anti-H3 antibody, results consistent with an 
alteration of nucleosome positioning were observed at the TFC6-ESC2 intergenic region.  
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The fourth and final chapter provides a thorough discussion of the results and the 
genome-wide impacts of assembled Pol III complexes on adjacent chromosomal regions. 
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CHAPTER 2 
COMPROMISED RNA POLYMERASE III COMPLEX ASSEMBLY LEADS TO 
LOCAL ALTERATIONS OF INTERGENIC RNA POLYMERASE II TRANSCRIPTION 
IN SACCHAROMYCES CEREVISIAE* 
Introduction 
In eukaryotes, there are three major types of RNA polymerase designated as Pol I, II, and 
III (with additional polymerase complexes in plants), which function to transcribe the vast array 
of RNA species that contribute to the highly complex and heterogeneous eukaryotic 
transcriptome. Pol I transcribes the majority of ribosomal RNAs, and Pol II is mainly dedicated 
to protein coding genes. RNA polymerase III (Pol III) transcribes genes encoding small non-
translated RNAs, which in the budding yeast Saccharomyces cerevisiae includes transfer RNAs 
(tRNAs), 5S ribosomal RNA (5S rRNA), 7SL RNA, U6 spliceosome RNA, snR52 small 
nucleolar RNA as well as the RNA component of RNaseP (Dieci et al., 2007; Huang and Maraia, 
2001; Orioli et al., 2012). These diverse genes contain three types of promoter element 
arrangements. The tRNA genes (tDNAs) utilize what is referred to as a type 2 internal promoter, 
and the transcription factor binding sites within these genes are referred to as internal control 
regions (ICRs). Type 2 promoters contain conserved A-box and B-box ICR elements separated 
by a variable distance. These sequences serve as binding sites for the multi-subunit transcription 
factor TFIIIC (Acker et al., 2013; Donze, 2012; Schramm and Hernandez, 2002).  
 
 
*Previously Published in BioMed Central Biology (BMC Biology) 
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Donze (2014). “Compromised RNA Polymerase III Complex Assembly Leads to Local 
Alterations of Intergenic RNA Polymerase II Transcription in Saccharomyces cerevisiae.” BMC 
Biology 2014, 12:89 
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In yeast, Pol III transcription of tDNAs requires binding of three multimeric protein 
complexes – TFIIIC (6 polypeptides), TFIIIB (3 polypeptides), and Pol III enzyme (17 
polypeptides). Pol III complex assembly at tDNAs is initiated by the binding of TFIIIC, which 
then recruits TFIIIB followed by Pol III (Acker et al., 2013). The binding affinity of TFIIIC is 
primarily determined by B-box interactions, and mutation of an invariant cytosine residue in the 
B-box consensus sequence GWTCRANNC severely diminishes TFIIIC binding affinity and 
subsequent transcriptional activity of the mutated tDNA (Marck et al., 2006; Newman et al., 
1983; Orioli et al., 2012). In addition to Pol III transcribed genes, TFIIIC complexes appear to be 
bound to other chromosomal locations in the absence of TFIIIB and Pol III (Harismendy et al., 
2003; Roberts et al., 2003), and in S. cerevisiae such locations have been referred to as extra-
TFIIIC (ETC) sites (Moqtaderi and Struhl, 2004). 
In addition to promoting small RNA transcription, Pol III complexes assembled on 
eukaryotic chromosomes are responsible for what has been termed “product independent” or 
“extra-transcriptional” functions (Clelland and Schultz, 2010; Donze, 2012). Characterized extra-
transcriptional effects of Pol III complexes, mainly studied in S. cerevisiae, include targeting 
yeast Ty retroelement integration (Chalker and Sandmeyer, 1990; Devine and Boeke, 1996; Ji et 
al., 1993), phasing of local nucleosome positioning (Kumar and Bhargava, 2013; Morse et al., 
1992; Nagarajavel et al., 2013), and pausing of DNA polymerase progression as replication forks 
encounter tDNAs (Deshpande and Newlon, 1996; Sekedat et al., 2010). Additional effects 
include inhibition of transcription from nearby Pol II promoters, referred to as tRNA gene 
mediated (tgm) silencing (Hull et al., 1994) or position effects (Bolton and Boeke, 2003), and 
also include both barrier and insulator types of chromatin boundary activities (Donze and 
Kamakaka, 2001; Simms et al., 2008). Sequences that recruit the TFIIIC complex have also been 
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shown to have chromatin boundary-like activities in other eukaryotes (Lunyak et al., 2007; 
Noma et al., 2006; Raab et al., 2012; Scott et al., 2006; Willoughby et al., 2000). Most recently, 
our lab demonstrated in S. cerevisiae that a tDNA acts as a roadblock to cryptic intergenic 
transcription (Korde et al., 2014). This latest study showed that either mutation of the tDNA 
upstream of ATG31 or global impairment of Pol III complex formation allowed readthrough of 
the SUT467 non-coding intergenic transcript through the tDNA region. Readthrough at this site 
resulted in the production of extended SUT467-ATG31 hybrid transcripts.  These transcripts are 
defective for translation of Atg31p due to the extended 5’-untranslated region (5’-UTR), and 
results in reduced fitness under nitrogen starvation conditions due to under-expression of this 
critical autophagy protein.   
A previous study was performed to assess genome-wide extra-transcriptional effects of 
assembled Pol III complexes on Pol II transcribed genes by comparing coding sequence 
microarray expression levels of wild type versus a variety of Pol III defective mutant yeast 
strains. Mutant subunits of TFIIIC, TFIIIB, or Pol III resulted in minimal effects on expression 
levels of genes adjacent to tDNAs and ETC sites, and most of the differences observed were due 
to secondary effects mediated by activation of Gcn4p transcription factor activity in response to 
reduced initiator tRNA
Met
 levels (Conesa et al., 2005). 
Since we observed changes in intergenic transcription upstream of ATG31 upon mutation 
of the adjacent tDNA and in mutants under-expressing the TFIIIC subunit Tfc6p, we revisited 
the genome-wide analysis of Pol III complex mediated extra-transcriptional effects using high-
throughput RNA-Sequencing (RNA-Seq). We reasoned that RNA-Seq would identify 
differences in intergenic transcription that were missed in the previous microarray analysis. The 
results presented here comparing wild type yeast to Tfc6p under-expressing mutants recapitulate 
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the Gcn4p mediated effects from the Conesa et al. (2005) (Conesa et al., 2005) study. 
Additionally, numerous alterations in intergenic transcription in close proximity to tDNAs and 
other Pol III complex binding sites are observed in tfc6 mutants. Analysis of loci adjacent to Pol 
III complex binding sites that were significantly altered in the tfc6 mutants reveal both 5’- and 
3’-extended transcripts, along with increased intergenic transcription and the de-repression of a 
meiosis-specific transcript. Extension of the 5’-end of transcripts compromises coding sequence 
translation as expected. The results are discussed in terms of the origins and impact of these 
altered RNAs, the role of the Pol III complex as a type of boundary element, and how 
compromising association of particular chromatin binding complexes can have unforeseen global 
impacts on both the transcriptome and the proteome. 
Materials and Methods 
Yeast Strains and Growth Media 
All yeast strains used in this study are derived from the W303-1a background, DDY2 
(diploid strain, MAT/MATa ade2-1/ADE2 his3-11/his3-11 leu2-3,112/leu2-3,112 LYS2/lys2: 
trp1-1/trp1-1 ura3-1/ura3-1) and DDY3 (haploid strain, MATa ADE2 his3-11 leu2-1,112 lys2: 
trp1-1 ura3-1). Genotypes of all yeast strains, descriptions of plasmids, and a list of 
oligonucleotides used are listed in Table 2.1, Table 2.2, and Table 2.3 respectively. The tfc6-
under-expressing yeast strains DDY4300 and DDY4301 containing a 12-bp mutation in the 
TFC6 promoter were described previously (Kleinschmidt et al., 2011). For specific tDNA B-box 
mutant yeast strains, the entire B-box sequence was scrambled by standard oligonucleotide-
mediated site-directed mutagenesis. For ETC site mutant yeast strains, the conserved cytosine 
residue within the B-box was mutated to guanine. All mutations were verified by Sanger 
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sequencing. All B-box mutants were integrated by standard yeast genetic techniques, involving 
deletion of the tDNA or ETC site by replacement with URA3, followed by transformation of site-
directed mutagenized fragments and selection on 5-FOA media. Each integrated mutation was 
verified by PCR and either sequencing or detection of an inserted Drd I restriction site inserted in 
place of the B-box sequence. 9X-myc-tagged strains used for Western Blot analysis containing 
an integrated 9X-myc-TRP1 cassette were created as described (Knop et al., 1999), and were 
verified by PCR and sequencing of the junction of the gene through the entire epitope tag coding 
sequence before Western blot analysis.  
Table 2.1 Yeast strains used and generated in this study 
Name Genotype 
DDY2 MATα/MATa  ade2-1/ADE2  his3-11,15/his3-11,15  leu2-3,112/leu2-
3,112  LYS2/lys2△  trp1-1/trp1-1  ura3-1/ura3-1 
DDY3 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1 
DDY3630 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
DDY3637 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
DDY4300 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3 
DDY4301 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3 
DDY4302 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3 
DDY4062 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ETC9△::URA3 
DDY4093 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
etc9 b-box mutant 
DDY4094 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
etc9 b-box mutant 
DDY4095 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
etc9 b-box mutant 
DDY5009 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
rna170△::URA3 
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(Table 2.1 continued) 
Name Genotype 
DDY5022 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
rna170 point mutant(C>G) 
DDY5025 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
rna170 point mutant(C>G) 
DDY5107 MATα/MATa   ade2-1/ADE2 his3-11,15/his3-11,15 leu2-3,11/leu2-3,11  
LYS2/lys2△ trp1-1/trp1-1 ura3-1/ura-13  tf(gaa)h1△::URA3 
DDY5132 MATα   ade2-1   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
tf(gaa)h1△::URA3 
DDY5124 MATα   ade2-1   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
tf(gaa)h1   b-box mutant 
DDY5126 MATα   ade2-1   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
tf(gaa)h1   b-box mutant 
DDY5106 MATα/MATa  ade2-1/ADE2  his3-11,15/his3-11,15  leu2-3,11/leu2-3,11   
LYS2/lys2△  trp1-1/trp1-1  ura3/ura3  tw(cca)m△::URA3 
DDY5133 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
tw(cca)m△::URA3 
DDY5118 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
tw(cca)m b-box mutant 
DDY5120 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
tw(cca)m b-box mutant 
DDY5104 MATα/MATa  ade2-1/ADE2  his3-11,15/his3-11,15  leu2-3,11/leu2-3,11  
LYS2/lys2△ trp1-1/trp1-1 ura3-1/ura3-1 tk(cuu)g2△::URA3 
DDY5135 MATα   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1   
tk(cuu)g2△::URA3 
DDY5128 MATα   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1   
tk(cuu)g2 b-box mutant 
DDY5129 MATα   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1   
tk(cuu)g2 b-box mutant 
DDY5142 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
zod1△::URA3 
DDY5143 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
zod1△::URA3 
DDY5164 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
zod1 b-box mutant 
DDY5165 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
zod1 b-box mutant 
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(Table 2.1 continued) 
Name Genotype 
DDY5140 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ts(aga)m△::URA3 
DDY5141 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ts(aga)m△::URA3 
DDY5162 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ts(aga)m b-box mutant 
DDY5163 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ts(aga)m b-box mutant 
DDY5026 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6-9X-MYC-TRP1 
DDY5157 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6-9X-MYC-TRP1 
DDY5161 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6-9X-MYC-TRP1 
DDY5158 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3     TFC6-9XMYC-TRP1 
DDY5159 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3     TFC6-9XMYC-TRP1 
DDY5160 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3     TFC6-9XMYC-TRP1 
DDY5170 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TRM12-9XMYC-TRP1 
DDY5171 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TRM12-9XMYC-TRP1 
DDY5172 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3     TRM12-9XMYC-TRP1 
DDY5173 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
TFC6 promoter mutant #3     TRM12-9XMYC-TRP1 
DDY5174 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ts(aga)m b-box mutant  TRM12-9XMYC-TRP1 
DDY5205 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ts(aga)m b-box mutant  TRM12-9XMYC-TRP1 
DDY5206 MATa   ADE2   his3-11,15   leu2-3,112   lys2△   trp1-1   ura3-1    
ts(aga)m b-box mutant  TRM12-9XMYC-TRP1 
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Table 2.2 Plasmids used and generated in this study 
Name Description 
pDD296 Bluescript SK+ 
pRS406  integrating URA3 
pRS416 ARS CEN URA3 
pYM6 9Myc-klTRP1 
pDD1156 TIM21-RPL26B intergenic ETC9 wild-type 
pDD1160 TIM21-RPL26B intergenic etc9 mutant 
pDD1284 YMR051C-FAR3 intergenic  
pDD1285 PCL5-YHR071C-A intergenic 
pDD1286 SPO74-SUA5 intergenic 
pDD1287 YMR051C-FAR3 intergenic tW(CCA)M b-box mutant 
pDD1288 PCL5-YHR071C-A intergenic tF(GAA)H1 b-box mutant 
pDD1289 SPO74-SUA5 intergenic tK(CUU)G2 b-box mutant 
pDD1290 GIS4-TRM12 intergenic 
pDD1291 GIS4-TRM12 intergenic tS(AGA)M b-box mutant 
pDD1292 RPM2-UFO1 intergenic (ZOD1) 
pDD1293 RPM2-UFO1 intergenic (ZOD1)b-box mutant 
pDD1294 RAD14-ERG2 intergenic (RNA170) 
pDD1295 RAD14-ERG2 intergenic (RNA170) b-box mutant 
 
Table 2.3 Oligonucleotides used in this study 
Name Sequences Description 
DDO183 AATTAACCCTCACTAAAGGG T3 primer for sequencing 
DDO184 GTAATACGACTCACTATAGGGC T4 primer for sequencing 
DDO198 GCACTCTCAGTACAATCTGC URA3 insertion upstream 
DDO199 CCGCACAGATGCGTAAGGAG URA3 insertion downstream 
DDO402 ATGGATTCTGAGGTTGCTGC ACT1 ATG/intron qRT-PCR 
DDO403 CAAAACGGCTTGGATGGAAAC ACT1 internal qRT-PCR 
DDO1464 GCTATTCATCCAGCAGGCCTC Myc tag/k. lactis TRP1 
DDO1617 ATGAATGGGGTTAAATGCCTTC 
TTCTTTGAGATATAAAAAGGAA 
GTAGAATTTAATATATTAGACG 
CAGATTGTACTGAGAGTGC 
SPO74-SUA5 intergenic  
KO top 
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(Table 2.3 continued) 
Name Sequences Description 
DDO1618 TGAGGTTACTATCTTCTGGGTG 
AAAAAATAGTAAGGCTAGCGT 
AGATAATGATTTGAAATTTCTC 
CTCCTTACGCATCTGTGCGG 
SPO74-SUA5 intergenic  
KO bottom 
DDO1619 GGGACTTCTGTTTTACTGGAC SPO74-SUA5 intergenic  
tK(CUU)G2 upstream 
DDO1620 AAAATGATTGATAGCGGGT 
TAAC 
SPO74-SUA5 intergenic  
tK(CUU)G2 downstream 
DDO1621 GAGCCTAAAAAAGATAGCC 
CTGTAGGGACAGATCCGTCC 
TAACCTTATGATTAAGAGTC 
ATAC 
SPO74-SUA5 intergenic  
tK(CUU)G2  
B-box mutant top 
DDO1622 GTATGACTCTTAATCATAA 
GGTTAGGACGGATCTGTCC 
CTACAGGGCTATCTTTTTT 
AGGCTC 
SPO74-SUA5 intergenic  
tK(CUU)G2  
B-box mutant bottom 
DDO1660 GATTTGCCTGCGTATC 
CTAAC 
SPO74 internal  
qRT-PCR top 
DDO1661 TCATGGAATATGTTGC 
TTGCAG 
SPO74 internal  
qRT-PCR bottom 
DDO1623 CAACAATTAATCATCTTGA 
TTATTTTATTCCCCGCGTTT 
TAGAGCATCAATCTTGCCA 
GCTTATAGGCAGATTGTAC 
TGAGAGTGC 
YMR051C-FAR3  
intergenic KO top 
DDO1624 ATATACTGCTCTGTGCGAA 
CTTATGATGGAAAAAACGA 
GCAAGAAGTAATAAATCAC 
GGTTTAACCTCCTTACGCA 
TCTGTGCGG 
YMR051C-FAR3  
intergenic KO bottom 
DDO1625 GGGATTCTATTGGCGGCCG 
CGGCTTTATTTTATTATGTG 
TACAG  
YMR051C-FAR3 intergenic  
tW(CCA)M upstream 
DDO1626 TTGTTAATTAGCACTAGTG 
CCTTTGTATTGAAGTACTC 
TTG  
YMR051C-FAR3 intergenic  
tW(CCA)M downstream 
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(Table 2.3 continued) 
Name Sequences Description 
DDO1627 ATTTGATAACCGTTGGG 
ATTC 
intergenic KO upstream 
DDO1628 TTTATGTTGTTAATTAGC 
GCAAC 
intergenic KO downstream 
DDO1629 GCTAAAAAATAAATTGAA 
ACGGACGACCCGGTCGTC 
TGCAACCCTTCGATTGCA 
ATC 
YMR051C-FAR3 intergenic  
tW(CCA)M  
B-box mutant top 
DDO1630 GATTGCAATCGAAGGGTT 
GCAGACGACCGGGTCGT 
CCGTTTCAATTTATTTTTT 
AGC 
YMR051C-FAR3 intergenic  
tW(CCA)M  
B-box mutant bottom 
DDO1697 GATTAATGAAGAAAGTTA 
AACCGTG 
FAR3 5' extended upstream 
DDO1698 GATCGGTCTCTTGTCTGTTAG FAR3 5' extended downstream 
DDO1705 GTGGTAGTGATAGTTTCGATT 
ATCTTC 
FAR3 internal control top 
DDO1706 CAGCCTTTGTATTGAAGTAC 
TCTTG 
FAR3 internal control bottom 
DDO1633 TTTTTCCTTGCTGAGCTTTT 
GATCTATTCAGCTATGTGC 
CCTGTCATGTTAGGAAATA 
CGCAGATTGTACTGAGAG 
TGC 
PCL5-YHR071C-A  
intergenic KO top 
DDO1634 TATCAAACCTTGCATTTCA 
GCTTTCATTGGGTTTGGTG 
ACTTATCTCAATCTTGAC 
GCCCTCCTTACGCATCT 
GTGCGG 
PCL5-YHR071C-A  
intergenic KO bottom 
DDO1635 GCAAATTATAAGCGGCC 
GCCATGCAAAGGATCTA 
TCTCTAATGG 
PCL5-YHR071C-A intergenic  
tF(GAA)H1 upstream 
DDO1636 CACCAAATTAAGTCGACG 
CGCCTATAACACGGTCTA 
GAAATG 
PCL5-YHR071C-A intergenic  
tF(GAA)H1 downstream 
DDO1637 CGCACAAATTTTTGAACG 
ACAAC 
PCL5-YHR071C-A intergenic  
KO check upstream 
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(Table 2.3 continued) 
Name Sequences Description 
DDO1642 TAATACGACTCACTATA 
GGGAGTTCCGACGCGC 
AATTTCGC 
PCL5 internal control bottom 
DDO1676 AAGTTGATGCAGAGGTA 
TCCAC 
TFC6 qRT-PCR and  
RT-PCR internal control top 
DDO1677 CGACGGCTAAATATTGT 
ATATCC 
TFC6 qRT-PCR and  
RT-PCR internal control bottom 
DDO1739 GAACTTCTGCTACCACA 
GATTTTCTAG 
TFC6 5' extended downstream 
DDO1084 AACCCTACGTTGCAAAA 
GAAG 
TFC6 5' extended upstream 
DDO1501 TTGCTGTCTTCTGTAAGG 
AAATAG 
TFC6 5' extended upstream 
DDO995 AGACCTAGGCAAACTTG 
AGCTC 
ETC9 clone top 
DDO998 CTTAGCCATATTTGAGAT 
ATCTTTGGTCTTGCCGTT 
GTTATTC 
ETC9 clone bottom 
DDO996 AAATTTAACCTACTCATC 
TAGATCAGTGGTTGGTAG 
AGCAGTATTCCGTCGCA 
GATTGTACTGAGAGTGCAC 
TIM21-RPL26B  
intergenic KO top 
DDO997 TTCGCTAAGTTACAAAAT 
GGGCATTTCTTATTTTATT 
GTCTACAAGAATTGGTAT 
TTTCTCCTTACGCATCTG 
TIM21-RPL26B  
intergenic KO bottom 
DDO1001 GCAGTATTCCGTCATTTT 
TCATGTCCAGCATGCAA 
GCTGACCTGGTATTATC 
CGGTTTT 
etc9 B-box mutant top 
DDO1002 AAAACCGGATAATACCA 
GGTCAGCTTGCATGCTG 
GACATGAAAAATGACGG 
AATACTGC 
etc9 B-box mutant bottom 
DDO1701 AGGTGTACATTATATGC 
GTCATG 
TIM21 5' extended upstream 
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(Table 2.3 continued) 
Name Sequences Description 
DDO1702 TGACGTATGAGTTATTA 
CCGATGAG 
TIM21 5' extended downstream 
DDO1703 ACGATATAATACTTTCG 
TGAACTCATC 
TIM21 internal control top 
DDO1704 CAGATATACCAACAGCT 
CCTATCAC 
TIM21 internal control bottom 
DDO1668 TTTTAAAAGCCGGGAAAT 
GCTTCTTGTTACCCCTTTT 
GGCGCTTTGGATAAGTAG 
TTCACTTAGCGCAGATTGT 
ACTGAGAGTGC 
RPM2-UFO1 intergenic  
(ZOD1) KO top 
DDO1669 TTAAGGCATCTCTAAGTA 
ATACTGAAAACCGCCAC 
ATGCGAGAAAATGGAAA 
GGGAAAAATTAAGCTCC 
TTACGCATCTGTGCGG 
RPM2-UFO1 intergenic  
(ZOD1) KO bottom 
DDO1670 CTGAGAAAATGTGGGGA 
AATGAG 
RPM2-UFO1 intergenic (ZOD1)  
clone top and intergenic KO 
DDO1675 GTGCGGCATAGGGAATA 
ACAAC 
RPM2-UFO1 intergenic (ZOD1)  
clone top and intergenic KO 
DDO1671 GTAGTTCACTTAGCTATT 
TTTTTTTCGACGGATCCG 
TCGGGGTGAGGCTTTAT 
CATGCAC 
ZOD1 B-box mutant top  
DDO1672 GTGCATGATAAAGCCTC 
ACCCCGACGGATCCGT 
CGAAAAAAAAATAGCT 
AAGTGAACTAC 
ZOD1 B-box mutant bottom  
DDO1654 ATGGATTCTGAGGTTGC 
TGCCTTAGATACTGGTA 
GGAGCTATC 
RPM2 specific primer for  
checking extended transcript 
DDO1664 GATGATAACCTTTAGA 
GTATATGAATG 
RPM2 internal control upstream 
DDO1609 GAAGAAAATTTGCTGT 
GCGTTG 
RPM2 internal control 
downstream 
DDO1726 CTTGGCAAAGCTGTA 
TATTTG 
RPM2 5' extended upstream 
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(Table 2.3 continued) 
Name Sequences Description 
DDO1733 GAGACAACTTAATCCA 
TGGATTTG 
RPM2 5' extended downstream 
DDO1567 GTCTTAGTTTGATTGAG 
CGACAAGAGAGATCTG 
AACCCAGTGTCAAACG 
TTACCGCTTCTGCAGAT 
TGTACTGAGAGTGC 
RAD14-ERG2 intergenic  
(RNA170) KO top 
DDO1568 TTGTGGAGTATGCCACT 
AGCAGTCTGCTATGTTG 
ATTCTGCTTATTATCAA 
CGAAGTATCCTCCTTA 
CGCATCTGTGCGG 
RAD14-ERG2 intergenic  
(RNA170) KO bottom 
DDO1569 CCAACAGCGGTTCCGA 
ATAG 
intergenic RNA170 clone top 
and intergenic KO check 
DDO1570 AGAAACCCACGGTTAA 
AATACAAACACAG 
intergenic RNA170 clone bottom 
and intergenic KO check 
DDO1571 CTTGCGGCTTATACGA 
GGGCCGTGGTTGGATT 
CTGCCCTGGAGCGTA 
AGGGCAG 
RAD14-ERG2 intergenic  
(RNA170) B-box mutant top 
DDO1572 CTGCCCTTACGCTCCA 
GGGCAGAATCCAACC 
ACGGCCCTCGTATAA 
GCCGCAAG 
RAD14-ERG2 intergenic  
(RNA170) B-box mutant bottom 
DDO1693 AGGAATGTGCATTGC 
ATAAG 
RAD14 extended transcript  
check top for qRT-PCR 
DDO1694 TCGATACCTTCACTAC 
GAAGATC 
RAD14 extended transcript  
check bottom for qRT-PCR 
DDO1645 CGAAAAAATGATTATGG 
ACGTAAACAAAATTACC 
GCATTTCGCTCTCCTATT 
ATCATAACAAGCGCAGA 
TTGTACTGAGAGTGC 
GIS4-TRM12 intergenic KO top 
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(Table 2.3 continued) 
Name Sequences Description 
DDO1646 CCGATAGACCAATATTA 
CCTGCTGTTAGAATCAA 
ATATGAATATAGACAAT 
GTAATTATGTAACCTCC 
TTACGCATCTGTGCGG 
GIS4-TRM12 intergenic KO 
bottom 
DDO1647 GAACGATGAGGAGAAA 
CCAG 
GIS4-TRM12 intergenic 
tS(AGA)M  
clone top and intergenic KO 
DDO1648 TAATACGACTCACTAT 
AGAATAAATGACGAA 
CGGTCGTC 
GIS4-TRM12 intergenic 
tS(AGA)M  
clone bottom and intergenic KO  
DDO1650 GGCAAAAAATAACGAC 
AACTGCAGACAGATCC 
GTCGCGCGGGCAAAGC 
CCAAAAGATTTC 
GIS4-TRM12 intergenic  
tS(AGA)M B-box mutant top 
DDO1651 GAAATCTTTTGGGCTTT 
GCCCGCGCGACGGATC 
TGTCTGCAGTTGTCGTT 
ATTTTTTGCC 
GIS4-TRM12 intergenic 
tS(AGA)M  
B-box mutant bottom 
DDO1652 TGACGAAACCATGCCT 
GTAG 
TRM12 internal control upstream 
DDO1743 GTAGCATTATGATCTCT 
CTTTATTCGC 
TRM12 5' extended upstream 
DDO1744 AGCTCACGATAATACT 
CATTTGGATCG 
TRM12 5' extended check  
and internal control downstream 
DDO1589 GGAGGCAAATGTTATG 
CATTTTCTAATAGTGCT 
GGACTATTAACACTCG 
AATACCTGTCAATCTC 
CGGTTCTGCTGCTAG 
TFC6-9X-myc tag top 
DDO1590 TAGTTTTTTTCGTCAAC 
AATAGTTCAATGTCAC 
AAATTGTATTTATTAC 
GTAAAGTCCATGGCC 
AGAAGACTAAGAGGTG 
TFC6-9X-myc tag bottom 
DDO965 GTACAAAATGGAATGA 
AACGAG 
TFC6-myc tag check + 
sequencing 
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(Table 2.3 continued) 
Name Sequences Description 
DDO1711 GTAGAACTCGACGCTA 
TTAATGAG 
TRM12-myc tag check top 
DDO1712 TCACATCTGCATAAGT 
TGTGATG 
TRM12-myc tag check bottom 
DDO1709 ACGCATAAAAACTTTT 
GCACCAGATATTTGGC 
ATGTATGCGTTGATGT 
CGACGTTATAGTAAGT 
ACATCTCCGGTTCTGC 
TGCTAG 
TRM12-9X-myc tag top 
DDO1710 AATATTGCCTTTTTGA 
AGGATCCTGATGGTT 
ATTCCATTGAAGTCG 
TTCCTCATGGTTTGAT 
TGCGGCCAGAAGACT 
AAGAGGTG 
TRM12-9X-myc tag bottom 
DDO1759 GAGTCAATTGCATTAA 
TTAGAAACC 
TRM12-myc tag sequencing top 
DDO1760 GTGGCATCAAACTTC 
AGTTTG 
TRM12-myc tag sequencing top 
 
RNA Extraction and RNA-Seq Library Preparation 
Total RNA was extracted using a minor modification of a standard phenol/chloroform 
protocol as described (Iyer and Struhl, 1996). Each strain was grown in rich YPD media (1% 
yeast extract, 2% peptone, 2% dextrose) from an initial A600 of 0.15 to mid log phase (A600=1.0) 
before harvesting cells for RNA preparation. Residual genomic DNA was removed by treatment 
with RQ1 DNase (Promega M6101) according to the manufacturer’s protocol. Prior to Illumina 
library preparation, ribosomal RNA was depleted using RiboZero (Yeast) Kit 
(Epicentre/Illumina). RNA-Seq libraries were prepared with the Illumina TruSeq stranded RNA 
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sample prep kit, which results in 5’- to 3’-strand-specific libraries. The four barcoded libraries 
were pooled and quantitated by qPCR, and the pool was sequenced for 101 cycles on one lane of 
a HiSeq2000, using a TruSeq SBS sequencing kit version 3 and processed with Casava 1.8.2, 
following the manufacturer’s instructions (Illumina, San Diego, CA). Library preparation and 
sequencing was performed at the Roy J. Carver Biotechnology Center at the University of 
Illinois at Champaign-Urbana.  
Quality Check and Read Mapping 
A total of approximately 196 million 100-bp reads were generated for the four RNA-Seq 
libraries. The quality-filtered reads from the Casava pipeline were further assessed with 
FASTQC software (FastQC by S. Andrews). Across all four samples, an average Phred Score of 
greater than 32 was reached at each base position. We mapped reads against the W303 reference 
genome (from the Saccharomyces Genome Database, 2012 version) for each sample by using 
Bowtie2 (Langmead and Salzberg, 2012) with the preset option for highest accuracy and 
sensitivity. Only uniquely mapped reads were considered for further analysis. Custom scripts 
written in Perl and Python were used together with Samtools (Li et al., 2009) and Bedtools 
(Quinlan and Hall, 2010) to process and organize data files for downstream analysis. Integrative 
Genomics Viewer (IGV) was used to qualitatively assess and visualize the mapped reads to the 
reference genome (Robinson et al., 2011; Thorvaldsdottir et al., 2013). Strand-specific bedgraph 
files of each sample were imported into IGV along with the W303_ALAV0000000.gff file as the 
reference.  
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Differential Gene Expression Level Analysis 
Differential expression of biological replicates between wild type and mutant samples 
was determined using DESeq (Anders and Huber, 2010), based on the number of RNA-Seq reads 
uniquely mapped to defined genomic loci and regions. As we were also interested in 5’-UTR or 
3’-UTR extensions of transcripts, we separated known annotated protein coding sequences from 
the entire W303 genome and designated the remainder as intergenic regions, with Watson and 
Crick strands also separated. Intergenic regions longer than 500 base pairs were demarcated into 
500-bp sized windows.  Differential expression analysis was performed on coding sequence and 
intergenic regions separately by fitting uniquely mapped read counts to negative binomial 
distribution. Significantly differentially expressed transcripts were detected based on the padj 
cutoff value 0.05. 
RT-PCR and Quantitative RT-PCR 
First strand cDNA was synthesized from 500ng total RNA after DNAse treatment (RQ1 
DNAse, Promega M6101), using the ProtoScript First Strand cDNA Synthesis Kit (New England 
Biolabs #E6300S). Gene-specific and/or random primed cDNA was made to confirm altered 
mRNA levels and extended transcripts for selected differentially expressed loci. Primers were 
designed for each locus to detect altered and normal transcripts in wild type and mutant strains 
(relative locations are marked in each figure; all oligonucleotide sequences are listed in Table 
2.3). Quantitative reverse transcription PCR (qRT-PCR) was performed as 25l reactions with 
1:4 diluted cDNA, and primers were diluted to a final concentration of 0.5 µM. Sybr Green super 
mix (Bio-Rad 170-8882) was added and reactions were run and analyzed on a Bio-Rad MyiQ 
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with 60ºC annealing temperature. Results were normalized to ACT1 mRNA amplified by primers 
DDO402-403 and graphed as fold-change between wild type and mutant strains. 
Protein Extraction and Western Blot 
Myc-tagged strains were grown in 40 ml YPD culture at 30ºC with shaking until the O.D. 
of A600 reached ~0.8-1.0. Cells were collected and washed in 1ml ice-cold 1XTBS/0.05% 
NaN3/50mM NaF. Cell pellets were resuspended in 100 l of lysis buffer (20 mM Tris-HCL, 125 
mM KOAc, 4 mM MgCl2, 0.5 mM EDTA, 5mM sodium bisulphite, 0.1% Tween-20, 12.5% 
Glycerol, 1mM DTT, 2g/ml Leupeptin, 2g/ml Pepstatin A, 1mM phenylmethylsulfonyl 
(PMSF)) plus an equal volume of acid washed 0.5mm glass beads, and disrupted in a Biospec 
Mini-beadbeater, 5x15-second pulses at 4ºC. Cell lysates were cleared by centrifugation at 
20,000xg for 15 minutes in a refrigerated microfuge at 4ºC, and protein concentration of the 
supernatant was measured using standard Bradford assay (Bio-Rad). 60 g of total protein per 
lane was loaded on an 8% acrylamide SDS-PAGE gel. Proteins were transferred to Millipore 
Immobilon membrane (EMD Millipore, Billerica, MA, USA), with Blotto for one hour at room 
temperature, and then primary anti-Myc antibody (9E10, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) was added. After overnight incubation and washing of blots, anti-mouse Ig-
horseradish peroxidase secondary antibody (GE healthcare NXA931, Piscataway, NJ, USA) was 
added in Blotto for two hours at room temperature. Immuno-star Western chemiluminescent kit 
(Bio-Rad 170-5070) was used for detection. Signals were captured and analyzed by using a 
ChemiDoc XRS+ systems with Image Lab software (Bio-Rad). 
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Data Access 
The raw transcriptome sequencing data has been deposited to the NCBI Sequence Read 
Archive (SRA) Database, Submission ID: SUB647823, BioProject ID: PRJNA258413. The 
accession number is [SRP045581]. 
Results 
Mapping and Analysis of RNA-Seq Reads In Wild Type and tfc6-under-expressing Strains 
To assess the genomic impact of RNA Polymerase III complex assembly on neighboring 
Pol II genes, we performed high-throughput RNA sequencing (RNA-Seq) of ribosomal RNA 
depleted samples from two types of yeast strains: wild type and Tfc6p-under-expressing strains. 
In this study, we used strains DDY4300 and DDY4301 (referred to from here as tfc6 mutants). 
These previously characterized strains contain a TFC6 promoter mutation that leads to under-
expression of TFC6 mRNA and a slow growth phenotype (Kleinschmidt et al., 2011), but were 
not assessed for Tfc6 protein levels. As we learned in the course of this study, the level of Tfc6p 
protein expression in these mutants was much lower than we had previously assumed based on 
the approximately twofold reduction in TFC6 mRNA levels (see following results below). Total 
RNA was extracted from two independently isolated wild type and two tfc6 mutant strains at 
mid-log phase growth in rich media (A600 1.0), and processed for RNA-Seq (see Materials and 
Methods). In total, 196,295,402 strand-specific 100 base reads were generated for the four RNA 
samples using Illumina HiSeq2000 technology. Across all four samples, the number of 
sequenced reads ranged from ~38- to approximately 55 million, and approximately 95% to 97%   
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of the reads from each sample were uniquely mapped to the yeast genome. 5.3 +/- 0.1% of 
sequence reads were mapped to annotated open reading frame antisense strands, which is 
consistent with past studies demonstrating antisense transcripts in yeast (David et al., 2006; Neil 
et al., 2009; Xu et al., 2009). Correlation co-efficiency was calculated between the two biological 
replicates in each condition (r=0.96 in wild type; r=0.99 in tfc6 mutants), which indicated a high 
correlation between our biological replicates.  
Detection of Differentially Expressed (DE) Genes and DE Intergenic Pol II Transcripts 
between Wild Type and tfc6 Mutants 
As described above, a recent study from our lab found that the Pol III complex bound at a 
tDNA functions to block cryptic intergenic transcription (Korde et al., 2014). This was 
demonstrated by compromising Pol III complex assembly at the particular tDNA, which allowed 
transcribing intergenic Pol II to read through the tDNA sequence into the downstream gene, 
creating 5’-extended hybrid RNA molecules. By globally weakening TFIIIC complex assembly 
at all chromosomal locations, we anticipated observing additional intergenic alterations of Pol II 
transcription. RNA-Seq analysis revealed numerous such intergenic changes adjacent to Pol III 
factor binding sites in the tfc6 mutants. A custom pipeline was developed to count RNA-Seq 
reads mapped to the annotated gene space (including both open reading frames and non-coding 
RNA genes) and to intergenic regions (see Materials and Methods). The mapped read counts for 
each sample are presented in Table 2.4. These counts were then subjected to DESeq analysis to 
identify gene open reading frames or intergenic regions that are Differentially Expressed (DE) 
between the wild type and tfc6-under-expressing mutants (see Table 2.5).  
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Table 2.4 Read data for RNA-seq samples of the four yeast strains analyzed in this study. The 
percentage of total reads mapped to the yeast genome were: DDY3, 96.53%; DDY3630, 97.09%; 
DDY4300, 95.85%; and DDY4301, 95.55%. 
  DDY3 DDY3630 DDY4300 DDY4301 
CDS 24,957,688 31,276,291 31,177,764 32,637,067 
external_transcribed_spacer_region 199,780 248,921 212,519 231,898 
internal_transcribed_spacer_region 8,937 14,958 9,929 11,368 
snRNA, snoRNA, ncRNA, ARS 4,047,151 8,933,569 7,729,146 9,031,298 
pseudogene 6,358 8,198 7,794 8,776 
repeats(LTR and others) 97,317 151,504 192,778 189,911 
rRNA 1,018,690 956,679 551,217 1,245,045 
tRNA 2,889 3,708 6,351 7,936 
non-transcribed intergenic 6,579,317 10,019,755 7,147,210 8,783,999 
 
Table 2.5 Characterization of differentially expressed (DE) ORFs and intergenic regions with 
respect to proximity to potential Gcn4p and TFIIIC binding sites. Factor binding sites were 
inferred from the Saccharomyces Genome Database Genome Browser tracks. None or Others 
refer to loci that are not adjacent to documented Gcn4p or TFIIIC binding sites. This data was 
used to construct Figure 2.1. 
 
DE genes DE intergenic 
Proximal to Number Percent Number Percent 
tDNA 10 10.10% 93 53.60% 
Gcn4 43 43.40% 14 8% 
ETC site 5 5% 6 3.50% 
Both tDNA and Gcn4 10 10.10% 29 16.80% 
Both Gcn4 and ETC 11 11.10% 4 2.30% 
Both tDNA and ETC 3 3.03% 1 0.60% 
None or others 17 17.20% 26 15% 
Total 99 100% 173 100% 
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Figure 2.1: Differentially expressed (DE) genes and intergenic regions in Tfc6p under-expressing 
mutants. A) Distribution and overlap of DE open reading frame sequences versus intergenic 
regions. Locations adjacent to tDNAs are based on known annotations, and those adjacent to 
potential Gcn4p sites and ETC sites are based both on annotations and on the chromatin 
immunoprecipitation data available on the Saccharomyces Genome Database (Cherry et al., 
2012; Venters et al., 2011). Total numbers for each group are in parentheses. B) Schematic of 
types of mis-expression observed in tfc6 mutants at DE intergenic regions that are contiguous 
with normal transcripts. This does not include appearance or up-regulation of cryptic transcripts 
identified in the DESeq analysis. The tDNA sequence is depicted as the blue box. C) 
Categorization of up-regulated DE intergenic transcripts in the tfc6 mutants. Total numbers of 
loci in each category are listed above the bars. 
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Using an adjusted cutoff value of padj < 0.05, we observed 99 significantly DE coding 
regions (DE genes described above), and 173 intergenic regions showing differential expression 
(DE intergenic regions in Figure 2.1, [A]). 169 DE intergenic regions were de-repressed in tfc6 
mutants, and most appear to be due to inadvertent cryptic Pol II transcription originating near 
compromised tDNAs. Table 2.5 categorizes DE transcripts in both protein-coding and intergenic 
regions, based on their proximities to potential Gcn4p and TFIIIC binding sites. Some of these 
cryptic transcripts appear to arise from bidirectional transcription from neighboring promoters 
that occurs when the Pol III complex is compromised (see Discussion below). The DESeq results 
are provided in supplemental online excel files (http://www.biomedcentral.com/1741-
7007/12/89/additional), and include descriptions for DE intergenic transcripts that are adjacent to 
potential Pol III complex-binding sites, and show significantly altered (padj<0.05) expression in 
the tfc6 mutants. The Conesa et al. (Conesa et al., 2005) study showed that most up-regulation of 
coding sequences was due to the induction of Gcn4 protein production, and the majority of mis-
expressed Pol II transcripts did not correlate with the proximity to tDNAs or other TFIIIC 
associated sites. Here we observed a similar Gcn4p regulated pattern for coding regions, as most 
of the top 24 up-regulated genes identified in the Conesa et al. (Conesa et al., 2005) microarray 
analysis were also increased in our tfc6 mutants analyzed by RNA-Seq (Table 2.6), with two 
explainable exceptions (see Table 2.6 legend). However, in contrast to the microarray study, a 
clear association of intergenic transcriptional mis-regulation with proximity to Pol III factor 
binding sites was evident in the tfc6 strains as described below. 
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Table 2.6 Comparison of the top mis-regulated ORFs from Conesa et al. 2005 (using TFIIIC, 
TFIIIB, and RNA Polymerase III subunit mutants) with the RNA-seq analysis of Tfc6p under-
expressing mutants. Results are similar with the exception of BAT1, CTF13 and MTG1, which 
are not up-regulated in the tfc6 mutant when analyzed by strand-specific RNA-seq. The 
discrepancy with two of these genes appears to be due to overlapping convergent transcription of 
CTF13 with SNO1 and MTG1 with SNZ1, which likely led to increased CTF13 and MTG1 signal 
artifacts on the ORF microarray.  Numbers in parentheses indicate DESeq analyses where the 
padj value was >0.05. 
Systematic Common Fold Change Gcn4 Reg. tfc6 Fold Change (DESeq) 
YBR218C PYC2 1.68~3.07 N (1.41) 
YCL009C ILV6 1.61~3.33 N (1.35) 
YCL030C HIS4 2,02~13.36 Y 3.04  
YDR035W ARO3 1.54~6.81 Y 2.01  
YDR158W HOM2 2.1~6.67 Y 2.07  
YER053C PIC2 1.79~2.86 N (1.80) 
YER069W ARG5,6 2.38~4.86 Y (1.55) 
YER175C TMT1 2.89~12.03 Y 3.59  
YHR018C ARG4 2.05~2.64 Y 2.86  
YHR208W BAT1 1.76~6.77 Y (1.01) 
YIL116W HIS5 4.14~9.99 Y 2.96  
YJL088W ARG3 4.46~6.36 Y 2.65  
YJR109C CPA2 2.59~10.95 Y 5.48  
YKL218C SRY1 1.91~6.49 Y 2.18  
YMR062C ECM40 2.04~4.97 Y 2.48  
YMR094W CTF13* 1.53~5.83 Y Overlaps SNO1 
YMR095C SNO1 2.28~15.59 Y 10.70  
YMR096W SNZ1 4.9~31.16 Y 7.64  
YMR097C MTG1* 2.12~6.41 Y Overlaps SNZ1 
YMR108W ILV2 1.69~3.72 N (1.35) 
YMR189W GCV2 1.55~4 N 2.36  
YNL104C LEU4 2.02~4.53 Y 1.66  
YOL058W ARG1 3.39~8.28 Y 5.97  
YOL140W ARG8 1.77~18.12 Y 4.70  
 
Data represented in Table 2.5 and Figure 2.1 [A] show that 39 out of 99 DE ORFs have 
either a tDNA or ETC site nearby (between the DE ORF and the next annotated ORF), however, 
many TFIIIC binding sites may be too far away to be responsible for the observed up-regulation.  
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ETC sites include those verified in previous studies (Harismendy et al., 2003; Moqtaderi and 
Struhl, 2004; Roberts et al., 2003) and potential sites that appear to associate with the TFIIIC 
complex according to genome-wide chromatin immunoprecipitation data available through the 
Saccharomyces Genome Database (Cherry et al., 2012; Venters et al., 2011). Within intergenic 
regions, we observed several types of transcriptional mis-regulation in addition to simple up-
regulation of intergenic transcripts, including 5’-extended, 3’-extended, and potential 
readthrough transcripts (schematically depicted in Figure 2.1, [B]). For DE intergenic regions, 
133/173 (~77%) have a tDNA or ETC site in close proximity, most within ~500 base pairs. 
Among these differentially expressed regions in tfc6 mutants, we found 18 that are consistent 
with 5’-UTR extensions, six are apparent 3’-UTR extensions, and 138 are up-regulated 
intergenic transcripts (including some retroelement and long terminal repeat (LTR) regions, 
Figure 2.1, [C]). Seven DE intergenic regions appear to be readthrough transcripts from upstream 
promoters similar to what we observed by mutating the tDNA upstream of ATG31 (Korde et al., 
2014). In order to determine whether these effects may be directly due to compromised binding 
of Pol III complexes, we manually inspected each region. We found that all seven readthrough 
transcripts were associated with an overlapping tDNA. Of the 18 5’-UTR extensions, 16 are 
adjacent to tDNAs or ETC sites. Five out of six 3’-UTR extensions had tDNAs at the 
readthrough sites, and 105 out of 138 (76%) intergenic de-repressed regions had either a tDNA 
or ETC site in close proximity. These results indicated a high degree of correlation between the 
presence of Pol III complexes and mis-expression of intergenic regions when Tfc6p was under-
expressed. 
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We were also able to verify altered Pol II transcription in the tfc6 mutants at regions 
known previously to be affected by specific tDNA mutations.  Our recent study of the ATG31-
tV(UAC)D-SES1 locus identified the SUT467-ATG31 readthrough transcript (Korde et al., 2014) 
when the intervening tDNA gene was mutated. We detected this locus as an up-regulated 
readthrough transcript by DESeq analysis and by manual inspection of the Integrative Genomics 
Viewer (IGV, see below) transcription profile (Figure 2.2). DESeq analysis also verified 
increased CBT1 (Simms et al., 2008; Simms et al., 2004) and decreased GIT1 mRNA levels 
(Donze and Kamakaka, 2001), consistent with previous studies where the neighboring tDNAs 
were specifically mutated (online supplemental excel files). Given these results, we conclude that 
this transcriptome analysis of Tfc6p under-expressing mutants accurately identifies global extra-
transcriptional impacts of chromatin bound Pol III complexes. 
 
Figure 2.2: RNA-Seq identifies previously characterized readthrough of SUT467 into ATG31 in 
tfc6 mutants. Transcriptome reads in the region of the tDNA are minimal in wild type strains, 
and are enriched in the mutants, consistent with the presence of extended ATG31 transcripts 
identified by Northern blotting and RT-PCR in Korde et al. (2014). DESeq analysis determined a 
2.4-fold increase in the readthrough region in mutants over wild type, padj = 0.036. 
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TFC6 Promoter Mutants are Impaired at Both Transcriptional and Translational Levels 
TFC6 (YDR362C) encodes the Tfc6 protein, a subunit of the RNA polymerase III 
transcription initiation factor complex TFIIIC that cooperates with the Tfc3p subunit to bind to 
the B-box consensus of Pol III internal promoters (Arrebola et al., 1998). As described above, 
the tfc6 promoter mutants used here were previously shown to under-express TFC6 mRNA 
(Kleinschmidt et al., 2011), but protein levels were not determined. Interestingly, inspection of 
the RNA-Seq transcript profile at the TFC6 locus in these promoter mutant strains (Figure 2.3, 
[A]) using IGV software (Robinson et al., 2011; Thorvaldsdottir et al., 2013) suggested that in 
addition to the modest decrease in mRNA levels in the mutants, a fracti on of the TFC6 
transcripts appear to initiate farther upstream, leading to an extended 5’-untranslated region 
(extension depicted as the red arrow in Figure 2.3, [A]). To confirm the decrease in mRNA 
levels, we performed quantitative reverse transcript PCR (qRT-PCR) on the same RNA 
preparations used for RNA-Seq. In tfc6 promoter mutants, TFC6 mRNA levels were decreased 
to 40-50% relative to wild type (Figure 2.3, [B]), consistent with our previous estimate of ~50% 
determined by Northern blot quantitation (Kleinschmidt et al., 2011).  DESeq analysis of the 
RNA-Seq data indicated a similar reduction in TFC6 mRNA levels in the mutants to ~60% of 
wild type (Online Supplemental Excel Files).  
This apparent 5’-UTR extension of the TFC6 mRNA was verified by RT-PCR analysis 
using a coding sequence primer pair and two different primer pairs to amplify sequences 
upstream of the normal TFC6 transcription start sites. The results in Figure 2.3 [C] demonstrate 
that 5’-extended transcripts were enriched in tfc6 mutants compared to wild type as assayed by 
both primer pairs. We speculated that this increase in the length of the 5’-untranslated region in a 
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fraction of TFC6 mRNA molecules might impair translation of those mRNAs, and reduce Tfc6 
protein level more than expected based on the ~50% reduction in mRNA levels, as new AUG 
and stop codons would be present upstream of the annotated TFC6 AUG codon. To determine 
 
Figure 2.3: Tfc6 protein expression is reduced due to both transcriptional and translational 
defects in the promoter mutant strain. A) Integrative Genomics Viewer (IGV) transcription 
profile of the TFC6 gene region in wild type (DDY3 and DDY3630) and tfc6 mutant strains 
(DDY4300 and DDY4301, full strain genotypes are listed in Table 2.1). All IGV profiles here 
and in subsequent figures are displayed on log scale, with the Y-axis representing normalized 
RNA-Seq frequency, and the X-axis the chromosomal region. The red arrow indicates the range 
of the extended 5’-UTR region in the mutants. B) Relative levels of TFC6 mRNA in each strain 
determined by qRT-PCR using primers within the coding sequence, and the same RNA samples 
used in the RNA-Seq library preparation. C) Schematic of the TFC6 gene and promoter region, 
showing the relative locations of the ETC6 site and the promoter mutation. The figure is drawn 
to scale and aligned with the IGV profile and scale bar in part A) above. The large arrowhead at 
the end of the gene indicates the direction of transcription. RT-PCR was performed on the same 
RNA samples as in B) using primers specific to the normal (within the open reading frame) and 
5’-UTR extended transcripts. Extended transcripts were highly enriched in the tfc6 mutant 
strains. D) Three independently isolated TFC6-9X-myc tagged strains were constructed from 
wild type and tfc6 promoter mutants, and the relative levels of Tfc6 protein produced in each 
strain was determined by Western blotting. Quantitation of the Western blot signals showed an 
approximate 17-fold reduction in Tfc6p in the mutants. 
57 
 
protein level more than expected based on the ~50% reduction in mRNA levels, as new AUG 
and stop codons would be present upstream of the annotated TFC6 AUG codon. To determine 
whether translation of Tfc6p was affected in tfc6 promoter mutants, we integrated nine copies of 
the myc epitope tag coding sequence onto the 3’-end of the TFC6 gene in wild type and tfc6 
mutants to create carboxy-terminal 9X-myc epitope tagged strains. Western blot analysis was 
performed on three independently isolated wild type and tfc6 promoter mutant TFC6-9X-myc 
strains using anti-myc antibody, and images were quantified using Bio-Rad ImageLab software. 
Figure 2.3 [D] shows that Tfc6 protein levels were reduced by ~17-fold in the mutant strains 
compared to wild type strains. Given this drastic reduction in Tfc6p levels, we conclude that 
global Pol III complex assembly is more severely compromised in these promoter mutant strains 
than was previously appreciated based on mRNA levels, and that these are ideal mutants to 
assess genome-wide extra-transcriptional effects of Pol III complex formation. 
Confirmation of Transcriptome Analysis Interpretations by Site-specific B-box Mutations 
5’ UTR Extensions 
Figure 2.4 depicts two example loci adjacent to assembled Pol III complexes that 
appeared to have extended 5’-UTRs in the tfc6 mutant strains: FAR3 (YMR052W) and TIM21 
(YGR033C). FAR3 is located on S. cerevisiae chrXIII, with a tDNA [tW(CAA)M] approximately 
200 base pairs upstream. Inspection of IGV tracks revealed that FAR3 had an apparent extended 
5’-UTR in the tfc6 mutants (Figure 2.4, [A] red arrow), which is supported by DESeq analysis 
that showed a statistically significant (padj <0.05) 21-fold increase of reads in this region.  In 
order to confirm this as a 5’-UTR extension, we performed RT-PCR using RNA extracted from 
the wild type and tfc6 mutants. Included in the analysis were two independent strains engineered 
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to contain mutations in the B-box of tW(CAA)M to disrupt Pol III complex assembly specifically 
at the adjacent tDNA locus. To verify that these alterations in the IGV transcript profile were due 
to true extensions and not separate RNA species, RT-PCR primers were designed to amplify 
cDNA produced from the normal FAR3 mRNA as controls (within the coding sequence), along 
with a second set specific for cDNAs generated from 5’-extended mRNAs. Figure 2.4 [B] shows 
RT-PCR results with these two sets of primers. Wild type strains exhibited weak amplification of 
the extended cDNA, while tfc6 mutants and B-box mutants showed stronger signals, consistent 
with the presence of 5’-UTR extensions in strains where adjacent Pol III complex assembly was 
either globally or site-specifically impaired. Control primers within the coding sequence showed 
similar amplification in all samples. 
 
Figure 2.4: RT-PCR confirmation of extended 5’-UTRs of FAR3 when adjacent Pol III binding 
sites are compromised. A) IGV profiles of RNA-Seq reads at the FAR3 locus in wild type and 
tfc6 mutant strains. Red arrow indicates extended 5’-UTR. B) Schematic diagram of the FAR3 
locus showing relative location of upstream tDNA and location of primers to detect extended 
transcripts. Black promoter arrow indicates normal TSS, red promoter arrow represents the 
putative upstream TSS in the mutant backgrounds. RT-PCR results show enrichment of extended 
transcripts in both tfc6 and specific tDNA B-box mutants relative to wild type, while no 
significant differences in amplification were observed using primers within the open reading 
frame. 
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As a second verification of an extended 5’-UTR, we performed a similar analysis on the 
TIM21 locus adjacent to an ETC-like site. TIM21 is located on chrVII, ~330 base pairs 
downstream of the tRNA pseudogene ETC9, which has been shown to recruit mainly TFIIIC and 
TFIIIB, but not Pol III (Guffanti et al., 2006). DESeq analysis showed a significant 4.8 fold 
enrichment of RNA-Seq reads upstream of the normal TIM21 5’-UTR in the tfc6 mutants, which 
is evident by inspection of the IGV profile (Figure 2.5, [A] red arrow). To verify the observed
 
Figure 2.5: RT-PCR confirmation of extended 5’-UTRs at the TIM21 locus. A) IGV profiles of 
RNA-Seq reads at the TIM21 locus in wild type and tfc6 mutant strains. Red arrow indicates 
extended 5’-UTR. B) Schematic diagram of the TIM21 locus showing relative location of 
upstream tRNA pseudogene ETC9 and location of primers to detect extended transcripts. Black 
promoter arrow indicates normal TSS, red promoter arrow represents the putative upstream TSS 
in the mutant backgrounds. RT-PCR results show enrichment of extended transcripts in both tfc6 
and specific ETC9 B-box mutants relative to wild type, while no significant differences in 
amplification were observed using primers within the open reading frame. 
 difference in the profile as a 5’-extension, we performed RT-PCR as above, including three 
independently isolated etc9 B-box mutant strains. The RT-PCR results in Figure 2.5 [B] are 
again consistent with our interpretation of the IGV transcription profiles, as 5’-extended TIM21 
transcripts were detected at higher levels in tfc6 and etc9 B-box mutant strains compared to wild 
type. In summary, IGV, DEseq and RT-PCR results were all consistent with the existence of 5’-
UTR extensions on both FAR3 and TIM21 mRNAs when Pol III complex assembly is inhibited 
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at the adjacent tDNA or ETC sites. Table 2.7 lists the most significantly affected genes with 
potential 5’-extensions and other observed alterations of intergenic transcription.  
Table 2.7 List of statistically significant upregulated intergenic regions in the tfc6 mutants, and 
their proximity to other genomic features. Approximate base pair distances to tDNAs and Gcn4 
sites are given in online supplemental excel files (Y=yes, N=no). 
Name Type tDNA Gcn4 ETC 
CUT424 3' - extended Y N N 
FAR3/YMR052W 5' - extended Y N N 
NUP2/YLR335W potential readthrough Y N N 
PCL5/YHR071W 3' - extended Y Y N 
SUT467 - ATG31/YDR022C potential readthrough Y N N 
TRM12/YML005W 5' - extended Y N N 
APC11/YDL008W 3' - extended Y N N 
ISD11/YER048W-A potential readthrough Y Y(1.28) N 
YFL019C 5' - extended Y N N 
SPO74/YGL170C 5' - extended Y N N 
KEX1/YGL203C 5' - extended Y Y(2.41) N 
POX1/YGL205W potential readthrough Y Y(1.44) N 
MSP1/YGR028W potential readthrough Y N N 
RNR4/YGR180C 5' - extended Y N N 
COQ6/YGR255C 5' - extended Y N N 
NDT80/YHR124W potential readthrough Y N N 
VPS53/YJL029C 5' - extended Y N N 
HYM1/YKL189W 5' - extended Y N N 
STE6/YKL209C 5' - extended Y N N 
YMR046W-A potential readthrough Y N N 
MRPS8/YMR158W 3' - extended Y Y(0.93) N 
DFG5/YMR238W 3' - extended Y N N 
KRE33/YNL132W 5' - extended Y N N 
THI20/YOL055C 5' - extended Y N N 
SNO1/YMR095C 3' - extended N Y N 
YKL162C-A 5' - extended N Y(1.09) Y 
DYN2/YDR424C 5' - extended N N N 
DPB11/YJL090C 5' - extended N Y(1.47) N 
ESC2/YDR363W 5' - extended N Y(2.38) Y 
TIM21/YGR033C 5' - extended N N Y 
CNS1/YBR155W 5' - extended N N Y 
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3’-UTR Extensions 
PCL5 (YHR071W) is located on chrVIII, and its termination codon is ~200 base pairs 
upstream of the 3’-end of tDNA tF(GAA)H1, which is convergently transcribed. IGV tracks 
derived from the mutant strains (Figure 2.6, [A]) suggested partial transcriptional readthrough 
past the normal PCL5 terminator, resulting in 3’-extended mRNAs containing an additional 
approximately 400 bp on a fraction of the transcripts (red arrow). DESeq results were consistent 
with a 3’-UTR extension, showing an ~10-fold increase (padj = 5.29E-06) of reads downstream 
of PCL5 in the tfc6 mutant strains. In order to validate this 3’-UTR extension of PCL5, we 
performed RT-PCR using internal and readthrough-specific primers on wild type, tfc6 mutants, 
and again including two specifically constructed tF(GAA)H1 B-box mutant strains. The results in 
Figure 2.6 [B] confirmed the presence of PCL5 readthrough, as extended transcripts were 
observed in both tfc6-under-expressing mutants and B-box mutants, but were not detected in the 
wild type strain.  
 
Figure 2.6: RT-PCR confirmation of extended 3’-UTR at PCL5. A) IGV profiles for the PCL5 
locus, with red arrow denoting the 3’-UTR extension. B) Schematic of locus as at FAR3, 
showing the downstream tDNA, with RT-PCR primers designed to detect the 3’-extension. 
Results again confirm extended transcripts in tfc6 and B-box mutants. Wild type and tfc6 strains 
are the same as at FAR3 locus, and the B-box mutants are DDY5124, and DDY5126. 
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De-repression (SPO74) 
SPO74 (YGL170C) is required for spore formation and is located on chrVII of S. 
cerevisiae (Nickas et al., 2003). As it is a sporulation specific gene, SPO74 is not significantly 
transcribed in haploid or exponentially dividing S. cerevisiae. The tDNA tK(CUU)G2 terminates 
approximately 300 bp upstream of SPO74 (Figure 2.7, [A]). Our mapped RNA-Seq reads and 
DESeq analysis suggested a moderate ~11-fold de-repression (padj = 3.20E-25) of SPO74 in the  
 
Figure 2.7: De-repression of SPO74 in tfc6 and B-box mutants. A) IGV profiles of SPO74 
showing apparent de-repression. Schematic diagram showing relative position of the upstream 
tDNA, drawn to scale with the IGV profiles. The location of the qRT-PCR primers is shown 
below the SPO74 ORF. B) Quantitative RT-PCR showing increase in SPO74 RNA in tfc6 and B-
box mutant strains relative to wild type. The B-box mutants were DDY5128 and DDY5129. 
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mutant strains compared to the low level of reads seen in wild type strains (Figure 2.7, [A]). 
Quantitative RT-PCR (qRT-PCR) of SPO74 mRNA levels was performed to confirm this 
apparent de-repression, and we again constructed strains containing targeted tDNA B-box 
mutations. Figure 2.7 [B] shows the results of this analysis. The tfc6 mutants showed an 
approximately 20-fold increase in transcripts within the SPO74 coding sequence, and the B-box 
mutants expressed SPO74 transcripts at a 7-10-fold higher level compared to wild type.  
Extra-transcriptional Effects at Non-tDNA, Non-ETC Loci Bound by Pol III Complexes 
S. cerevisiae contains several non-tDNA Pol III transcribed loci, including the 5S rRNA 
gene RDN5, the U6 spliceosome RNA gene SNR6, snoRNA gene SNR52, RNase P RNA gene 
RPR1, signal recognition particle RNA gene SCR1, and RNA170, a non-coding RNA of 
unknown function (Dieci et al., 2007). Additionally, under conditions of nucleosome depletion, 
transcription of RNA170 is elevated, and transcription from the Pol III complex-bound ZOD1 
locus, which is not normally active under standard growth conditions, is de-repressed (Guffanti 
et al., 2006). Inspection of RNA-Seq profiles at these loci demonstrates that in our tfc6 mutants, 
adjacent Pol II transcription profiles were altered for all except SNR52. Effects at RDN5 could 
not be included in the analysis since our RNA-Seq samples were depleted of ribosomal RNA. 
Figure 2.8 shows the effect of compromising Pol III complex assembly at the ZOD1 
locus. Here again, we observe an extended 5’-UTR in RPM2 transcripts (red arrow in Figure 2.8, 
[A]) in the tfc6 mutants. These altered transcripts in one tfc6 mutant were confirmed by RT-PCR, 
and are much more highly enriched in two strains containing specific mutations in the ZOD1 B-
box (Figure 2.8, [B]). Although not confirmed by B-box mutagenesis, observed effects 
(determined by inspection of IGV profiles and DESeq analysis) at other non-tDNA loci in tfc6 
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mutants include: SNR6, increased level of adjacent Ty1 LTR transcripts; RPR1, increased level 
of the adjacent SUT088 intergenic transcript; and SCR1, increased level and 5’-extension of the 
adjacent uncharacterized gene YER137C. 5’-extension of adjacent RAD14 transcripts was 
confirmed in tfc6 and RNA170 B-box mutants (Q. Wang, unpublished data). 
 
Figure 2.8: 5’-UTR extension at non-tDNA/non-ETC Pol III associated locus ZOD1-RPM2. A) 
IGV profiles showing extended 5’-UTR of RPM2 in tfc6 mutants. B) Schematic of locus and 
location of primers. As before, extended transcripts are enriched in tfc6 mutant and B-box mutant 
strains relative to wild type. Strains used were wild type DDY3630, tfc6 DDY4300, and B-box 
mutants DDY5164 and DDY5165. 
5’-extended Transcripts are Compromised for Translation 
Since we previously observed that 5’-extended ATG31 transcripts created by SUT467 
readthrough were defective in translation of Atg31p (Korde et al., 2014), we tested protein 
expression of another gene that showed such a 5’-extension in this study. We chose TRM12 
(YML005W), as the IGV profile suggested that its mRNA might have a considerable extension of 
about 800 bases (Figure 2.9, [A] red arrow). Surprisingly, RT-PCR to detect this extended RNA 
showed only slight amplification in the tfc6 mutant strains compared to wild type (Figure 2.9, 
[B]), suggesting that a significant fraction of the DE intergenic reads at this locus might represent 
separate transcripts. However, in strains where the B-box of the upstream tS(AGA)M was 
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mutated, we observed a much stronger signal in the RT-PCR analysis (Figure 2.9, [B]), 
indicating that this 5’-extension is more prevalent when Pol III complex association is 
completely abolished.  
 
Figure 2.9: 5’-extension of TRM12 mRNA leads to reduced Trm12 protein levels.  A) IGV 
profiles showing apparent ~800 base extension of TRM12 mRNA in tfc6 mutant. B) Extended 
TRM12 5’-UTR levels are relatively low in tfc6 mutants, but much more abundant in tS(AGA)M 
B-box mutants DDY5162 and DDY5163. Extended RNAs were detected by RT-PCR as in 
previous figures. C) Western blot of TRM12-9X-myc strains shows reduced Trm12 protein levels 
in the B-box mutants. TRM12-9X-myc tagged strains are: wild type, DDY5170 and DDY5171; 
tfc6, DDY5172 and DDY5173; ts(aga)m b-box, DDY5174, DDY5205, DDY5206. 
We attached nine copies of the myc-epitope tag coding sequence to the end of TRM12 in 
wild type, tfc6, and B-box mutant strains. Western blot analysis of these strains using anti-myc 
antibody showed similar Trm12 protein levels in wild type and tfc6 strains, but a significant 
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reduction of Trm12p was observed in the B-box mutants (Figure 2.9, [C]). These results, along 
with our previous analysis of ATG31 protein levels demonstrate that as expected, 5’extension of 
mRNAs created by disruption of adjacent Pol III complex formation impacts translation of the 
coding sequences. 
Discussion 
The results presented here suggest that the presence or absence of DNA-bound Pol III 
complexes has a clear impact on neighboring chromosomal regions, as Pol II transcription start 
and termination sites near TFIIIC binding sites are altered in the tfc6 and specific B-box mutant 
strains. We also confirm aspects of a previous microarray study in S. cerevisiae (Conesa et al., 
2005) demonstrating that numerous genes under the control of the transcription factor Gcn4p are 
up-regulated when RNA Polymerase III complex assembly is globally impaired (Table 2.6). This 
mis-regulation was not associated with proximity to the Pol III bound loci. That study, along 
with prior bioinformatics predictions of modest effects of tDNAs on neighboring Pol II 
promoters in yeast (Bolton and Boeke, 2003), suggested that global position effects of tDNAs on 
adjacent Pol II promoters, possibly including tgm silencing phenomena, was minimal. In contrast 
to those studies, we observe in Tfc6p depleted mutants numerous alterations of intergenic Pol II 
transcription that does occur in direct proximity to the compromised Pol III complex binding 
sites. We confirmed several of these globally induced effects by targeted mutation of the 
adjacent B-box to locally inhibit TFIIIC binding and Pol III complex formation. Since the effects 
are local, it is unlikely that formation of Pol III complexes is directly regulatory for the 
neighboring Pol II genes, but is a consequence of proximity.  
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A frequently observed effect in our Pol III mutants was extended 5’-UTRs of mRNAs 
adjacent to tDNAs, and as we have shown here for TRM12, and previously for ATG31 (Korde et 
al., 2014) that such 5’-extensions lead to significant inhibition of protein translation as would be 
expected. This raises an important issue in genomic analyses, as many studies report alterations 
in mRNA levels only, without assessing how mutation of DNA binding proteins, their binding 
sites, or perhaps even mutation of chromatin modifiers may affect transcription start site usage, 
and therefore protein expression. Our data demonstrating that mutation of the TFC6 promoter 
upstream of ETC6 alters the transcription start site (TSS), and affects protein levels more 
severely than predicted by the modest decrease in mRNA levels (Figure 2.3), may implicate a 
similar scenario for other comparable mutations that inhibit the binding of proteins to DNA or 
chromatin.  
As described in the introduction, compromised TFIIIC binding alters TSS integrity, and 
clearly inhibits Atg31 protein production (Korde et al., 2014), a phenotype that would likely 
have gone unnoticed had only mRNA levels been measured by qRT-PCR. Furthermore, globally 
compromised binding of the Pol III complex potentially affects translation of other mRNAs, as 
we observe numerous 5’-extended protein-coding transcripts. While such global effects have 
been alluded to previously (Wei et al., 2011), alterations in translational potential have largely 
been ignored in transcriptome studies. Recently however, more attention is now being directed to 
this area in large-scale studies (McManus et al., 2014; Waern and Snyder, 2013). It is possible 
that a subset of phenotypes of gene expression mutants that were initially attributed to changes in 
mRNA levels might also involve effects on translation. 
Manual inspection and computational analysis of our RNA-Seq data at these loci reveal 
that the extended 5’-ends observed in tfc6 mutants may normally be constrained by assembled 
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Pol III complexes that prevent an upstream promoter from acting in a bidirectional manner. With 
the advent of tiling array and RNA-Seq technologies, the presence of pervasive and intergenic 
transcription in both prokaryotes and eukaryotes has been revealed. A significant fraction of such 
transcripts appears to arise from intrinsic bidirectional preinitiation complex formation directed 
by transcription factors bound upstream of active Pol II promoters (Neil et al., 2009; Wei et al., 
2011). Of the list of 5’-UTR extended loci in tfc6 mutants given in Table 2.7, the origin of many 
of the extensions are consistent with a model shown in Figure 2.10, which is based on the 
bidirectional model proposed by the Steinmetz lab. In these instances, it appears that one of a 
divergently transcribed gene pair is expressed at a high level, but in wild type cells, intrinsic 
bidirectional initiation is inhibited by the presence of adjacent chromatin bound Pol III 
complexes (Figure 2.10, upper panel). When Pol III complex formation is compromised, the 
bidirectional capacity of DNA bound transcription factors is enabled, allowing formation of a 
new intergenic Pol II TSS.  Progression of Pol II from the new upstream TSS then leads to 
transcriptional interference of the normal divergent promoter, resulting in the extended 5’-UTRs 
(Figure 2.10, lower panel). Given that Pol III complexes exhibit both chromatin insulator and 
heterochromatin barrier function (Donze, 2012), this bidirectional blocking activity could be 
considered as another type of “boundary” element. Boundaries are defined as sequences that 
prevent regulatory elements from inappropriately affecting adjacent chromosomal regions, 
therefore the blocking of bidirectional transcription by Pol III complexes can be viewed as 
insulating the divergent gene from the interfering effects of cryptic bidirectional transcription. 
This mechanism also appears to be consistent with the observed de-repression of SPO74, 
as the tK(CUU)G2 gene lies between SPO74 and the divergently transcribed SUA5 gene, the 
promoter of which appears to act bidirectionally in tfc6 and tDNA mutants. We note here, 
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however, that this de-repressed SPO74 RNA is likely non-functional, as it begins far enough 
upstream to contain spurious translation starts and stops ahead of the actual SPO74 AUG codon. 
Taken together with our previous work demonstrating extra-transcriptional functions of Pol III 
complexes (described in the introduction), we add to this list the ability to inhibit bidirectional 
pre-initiation complex recruitment associated with nearby Pol II transcription factor binding 
sites.  
 
Figure 2.10: Model for the appearance of 5’-extended and de-repressed Pol II transcripts in Pol 
III complex mutants. In wild type cells, the bidirectional activity of transcription factor binding 
sites at some promoters is inhibited by the presence of a nearby fully or partially assembled Pol 
III complex (e.g., ETC site). Compromised Pol III complex formation allows Pol II transcription 
factors to bidirectionally load Pol II preinitiation complexes (PIC). These events lead to the 
creation of aberrant transcription start sites (TSS), resulting in the extension of the 5’-UTR of the 
divergent gene. Upstream initiating Pol II may also inhibit normal PIC formation by 
transcriptional interference. This scenario may also be involved in the de-repression of SPO74 
(and other intergenic regions adjacent to tDNAs) observed when Pol III assembly at an upstream 
tDNA is compromised. In this case the aberrant transcript reads through chromatin-bound factors 
responsible for repression of SPO74 in haploid cells. 
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In addition to simply acting as a physical impediment to preinitiation complex formation, 
several potential mechanisms can be proposed for how Pol III complexes inhibit bidirectionality 
of adjacent Pol II transcription factor binding sites. Several studies have demonstrated that Pol 
III complexes assembled at active tRNA genes strongly influence the positioning of neighboring 
nucleosomes in a dominant manner (Kumar and Bhargava, 2013; Morse et al., 1992; Nagarajavel 
et al., 2013). The loss of nucleosome phasing near tDNAs might uncover hidden cryptic TSS 
leading to the observed 5’-UTR extensions in our mutants. Nucleosome positioning at these loci 
might also involve the recruitment and activity of chromatin remodelers Isw1, Isw2, and/or RSC, 
loss of which has been shown to affect intergenic transcription and nucleosome positioning near 
tDNAs (Kumar and Bhargava, 2013; Whitehouse et al., 2007). Sub-nuclear localization of 
genomic loci might also influence bidirectionality, as positioning of tDNAs to the nucleolus is 
required for tgm silencing by tDNAs (Kendall et al., 2000), and most of the ETC sites in S. 
cerevisiae are known to localize to the nuclear periphery (Hiraga et al., 2012). Regardless of the 
specific mechanism, it appears that assembled Pol III complexes, and possibly other DNA 
binding proteins, serve a secondary genomic function in maintaining the precision of Pol II 
transcription start site selection at some loci. Such functions may also provide an explanation for 
the evolutionary conservation of some of the non-transcribed ETC site regions in yeast 
(Moqtaderi and Struhl, 2004). 
The results presented here might also impact synthetic biology efforts to engineer the S. 
cerevisiae genome. In a pilot study that reported the construction of a minimal yeast 
chromosome III, eleven tDNAs were deleted without any significant effect on fitness (Annaluru 
et al., 2014). Inspection of the IGV transcriptome profiles near all eleven chromosome III tDNAs 
in our tfc6 mutants showed no significant effects on adjacent genes. A possible exception is at 
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SUP53/tL(CAA)C, where apparent low level readthrough transcription from an upstream Ty2 
element into the LEU2 gene could potentially affect LEU2 expression at the translational level. 
Interestingly, the chromosome III engineering project used a leu2 strain and functional LEU2 as 
the marker gene for construction intermediates, so any deleterious readthrough effect at the 
native locus would not have been observed as leucine auxotrophy. Indeed, we observed 
compromised fitness upon mutation of the tDNA upstream of ATG31, as the mutant strains 
under-expressed Atg31p and were defective in autophagy induction (Korde et al., 2014). It will 
be interesting to see whether extension of the minimal genome project to the remaining yeast 
chromosomes will reveal unforeseen fitness defects due to altered intergenic transcription upon 
deletion of specific tDNAs and other presumed non-essential sequences. The transcriptome data 
presented here might be predictive of a subset of such potential effects. 
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CHAPTER 3 
REB1P AND TFIIIC COMPLEX FUNCTIONS AT INTERGENIC REGION TFC6-ESC2 
Introduction 
In eukaryotes, there are three RNA polymerases dedicated to transcribing the vast array 
of genes – RNA polymerase I, II, and III. RNA polymerase I (Pol I) is responsible for generating 
ribosomal RNAs, and Pol II mainly transcribes protein coding genes. In the budding yeast 
Saccharomyces cerevisiae, Pol III transcribes transfer RNAs (tRNA), 5S ribosomal RNA (5S 
rRNA) as well as some small nuclear RNA genes which includes 7SL RNA, U6 spliceosome 
RNA, snR52 small nucleolar RNA and the RNA component of RNaseP (Geiduschek and 
Kassavetis, 2001; Huang and Maraia, 2001; Paule and White, 2000). tRNA genes contain a type 
2 internal promoter which is composed of conserved A- and B-boxes with a variable distance in 
between (Acker et al., 2013; Schramm and Hernandez, 2002). 
In Saccharomyces cerevisiae, there are three multisubunit protein complexes essential for 
Pol III transcription of tDNAs – TFIIIC (6 subunits), TFIIIB (3 subunits), and Pol III enzyme 
complex (17 subunits). TFIIIC can specifically recognize and bind to the conserved A- and B-
box, which is the first step of assembling the pre-initiation complex (PIC) at tDNAs. After 
binding of TFIIIC, TFIIIB is recruited and targets Pol III complex to the location (Acker et al., 
2013; Geiduschek and Kassavetis, 2001; Schultz et al., 1989). The binding affinity of TFIIIC is 
primarily determined by the interaction with the B-box consensus sequence GWTCRANNC. 
Mutation of the highly conserved cytosine residue (underlined) in the B-box dramatically 
compromises TFIIIC binding affinity, which further affects downstream transcription activity 
(Marck et al., 2006; Newman et al., 1983; Orioli et al., 2012). In addition to typical Pol III 
transcribed genes, there exist other chromosomal locations that are bound only by TFIIIC 
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complexes. These genomic locations with only TFIIIC binding have been referred to as extra-
TFIIIC (ETC) sites in S. cerevisiae (Moqtaderi and Struhl, 2004). Apart from transcribing genes, 
Pol III complexes assembled on both typical tDNA genes and ETC sites exert additional 
functions designated as either “product-independent” (Clelland and Schultz, 2010) or “extra-
transcriptional” functions (Conesa et al., 2005), which have been mostly studied in S. cerevisiae. 
These functions include targeting integration of yeast Ty elements (Chalker and Sandmeyer, 
1990; Devine and Boeke, 1996; Ji et al., 1993), overriding nucleosome positioning (Morse et al., 
1992; Nagarajavel et al., 2013), pausing replication fork (Deshpande and Newlon, 1996), 
inhibiting transcription of nearly Pol II transcribed genes (Bolton and Boeke, 2003; Hull et al., 
1994), chromatin boundary activity (Donze and Kamakaka, 2001; Simms et al., 2008), 
roadblocking of cryptic intergenic transcription (Korde et al., 2014), as well as insulating 
divergently transcribed genes from the interfering effects of cryptic bidirectional transcription 
(Wang et al., 2014).  
The ETC6 site, located between two divergently transcribed genes – TFC6 and ESC2, is 
an interesting locus, as it contains a TFIIIC bound B-box sequence within the intergenic region 
between two Pol II promoters. TFC6 codes for Tfc6p, a subunit of the TFIIIC complex. As 
demonstrated in a previous study, the inhibition of TFIIIC binding to ETC6 resulted in increased 
TFC6 transcript level, whereas ectopic overexpression of Tfc6p inhibited expression from its 
own promoter, indicating that the TFC6 gene is auto-regulated (Kleinschmidt et al., 2011). In the 
same study it was found that mutation of the TFC6 promoter site 12bps upstream of ETC6 
reduced TFC6 mRNA levels to approximately 50% of normal, and led to a slow growth 
phenotype. Further analysis of this promoter mutant demonstrated a more severe effect on 
expression of Tfc6 protein (~ 15 fold downregulation) due to production of TFC6 mRNA 
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transcripts with extended 5’-ends (Wang et al., 2014). Sequence analysis indicated that the 
upstream promoter site is similar to a Reb1p binding site, matching a previously identified core 
Reb1 binding consensus sequence YYACCCG (Chasman et al., 1990; Kleinschmidt et al., 2011; 
Liaw and Brandl, 1994; Rhee and Pugh, 2011). 
Reb1p is a sequence-specific DNA binding protein containing two myb-like regions, and 
is essential for viability in the yeast S. cerevisiae (Ju et al., 1990; Morrow et al., 1989; Morrow et 
al., 1990, 1993). It can bind to sites within transcriptional control regions of genes transcribed by 
either RNA polymerase I or RNA polymerase II (Chasman et al., 1990; Morrow et al., 1990; 
Wang et al., 1990). Numerous studies have revealed that Reb1p is involved in the regulation of 
transcription by acting as a weak activator (Brandl and Struhl, 1990; Chasman et al., 1990; 
Remacle and Holmberg, 1992; Salmeron and Johnston, 1986). Furthermore, Reb1p was 
demonstrated to bind the terminator of the rRNA transcription unit, and was thought to be 
involved in the termination of transcription by RNA polymerase I (Lang and Reeder, 1993). 
Recently, Reb1p was uncovered to have roadblock function on Pol II transcription that leads to 
termination, which in turn restricted pervasive cryptic transcription and readthrough transcription 
in the yeast genome (Colin et al., 2014). Also, Reb1p was reported to interact with the RSC 
(remodels the structure of chromatin) complex, and is involved in the formation of nucleosome 
free regions (NFR) (Gavin et al., 2002; Raisner et al., 2005; Wippo et al., 2011).  
Based on our previous work indicating that ectopic overexpression of Tfc6p leads to 
increased TFIIIC complex binding to ETC6 and downregulation of TFC6 promoter activity 
(Kleinschmidt et al., 2011), and given the fact that Reb1p binding site is adjacent to ETC6 site, 
we wanted to ask the questions regarding whether Reb1p actually binds to the TFC6 promoter, 
and how both Reb1p and TFIIIC complex binding mediate regulation of TFC6. Both in vivo and 
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in vitro experiments performed in this study demonstrated that Reb1p binds to and activates 
TFC6 expression, and binding of both Reb1p and the TFIIIC complex does not affect binding of 
each other. Metabolic depletion of Reb1p phenocopies the TFC6 promoter mutant in that the 
TFC6 mRNA has an extended 5’-end, and interestingly loss of Reb1p binding to this promoter 
site also results in a 5’-extension and reduced translation of the divergently transcribed ESC2 
gene. Finally we show that nucleosome positioning in this intergenic region is altered when 
Reb1p binding is compromised, which may contribute to the observed alteration in transcription 
start site usage.  
Materials and Methods 
Yeast Strains and Growth Medium 
All S. cerevisiae yeast strains were generated in the W303-1a background, starting with 
strains DDY2 (diploid strain) and DDY3 (haploid strain). Genotypes of all yeast strains used in 
this study, descriptions of plasmids, and a list of oligonucleotides used are listed in Tables 3.1, 
3.2, and 3.3. The Reb1 consensus binding site mutant strain DDY4300, containing a 12-bp 
mutation in the TFC6 promoter, was described previously (Kleinschmidt et al., 2011). 3X-FLAG 
epitope tagged strains used for western blot analysis were constructed by amplifying plasmid P3-
FLAG-KanMX (Gelbart et al., 2001) with ~65bps flanking sequence on each side of the stop 
codon of the target gene. Construction of yeast strains with the GAL1 promoter integrated to 
replace the Reb1 promoter are described below.  
Yeast cultures were grown in nutrient rich YPD media (1% yeast extract, 2% peptone, 
and 2% dextrose) except GAL1 promoter driven strains (grown in YPGal). All cultures were 
shaken at 200 RPM at 30ºC. 
76 
 
Table 3.1 S. cerevisiae strains used and generated in this study 
Name Genotype 
DDY3 MATa   ADE2   his3-11   leu2-3,112   lys2△   trp1-1   ura3-1    
^GAL can1-100 
DDY3630 MATa   ADE2   his3-11   leu2-3,112   lys2△   trp1-1   ura3-1    
ETC6 wild type  
DDY4107 MATa  ADE2  his3-11  leu2-3,112  lys2△  trp1-1  ura3-1 
TFC6:3XFLAG:KanMX 
DDY4300 MATa   ADE2   his3-11   leu2-3,112   lys2△   trp1-1   ura3-1     
TFC6 promoter mutant #39     ^GAL can1-100 
DDY4441 MATa   ADE2   his3-11   leu2-3,112   lys2△   trp1-1   ura3-1    
REB1-3XFLAG-KanMX 
DDY4521 MATα/MATa  ade2/ADE2  his3/his3  leu2/leu2  LYS2/lys2△   trp1/trp1   
ura3/ura3 TFC6/etc6 (C>G) tfc6[ORF]△::URA3[ORF] 
DDY4775 MATα  ADE2  his3  leu2  LYS2  trp1  ura3  TFC1:3x FLAG:KanMX   
GAL 4-FLAG-KanMX 
DDY5032 MATα   ADE2   his3-11   leu2-3,112   lys2△   trp1-1   ura3-1    
REB1-9Xmyc-TRP1 (kl) 
DDY5061 MATa   ade2   his3   leu2   lys2   trp1-1   etc6△::URA3    
REB1-9XMyc-TRP1(k1)  
DDY5238 MATa   ADE2   his3-11   leu2-3,112   LYS2   trp1-1   ura3-1  
REB1-3XFLAG-KanMX TFC6 promoter wild-type 
DDY5239 MATα   ADE2   his3-11   leu2-3,112   lys2   trp1-1   ura3-1  
REB1-3XFLAG-KanMX TFC6 promoter wild-type 
DDY5240 MATα/MATa ade2/ADE2 his3/his3 leu2/leu2 lys2D/lys2△  trp1/trp1  
ura3/ura3 REB1-9XMYC-TRP1/REB1-9XMYC-TRP1 etc6△ ::URA3 
DDY5242 MATα/MATa ade2/ADE2 his3/his3 leu2/leu2 lys2D/lys2△  trp1/trp1 
ura3/ura3 REB1-9XMYC-TRP1/REB1-9XMYC-TRP1 etc6△ ::URA3  
(replace REB1 promoter region with KAN-pGAL1) 
DDY5248 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with KAN-pGAL1) 
DDY5290 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with CLONAT-pGAL1) 
DDY5293 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with CLONAT-pGAL1)  
ESC2-3X-FLAG-KanMX 
DDY5294 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with CLONAT-pGAL1)  
ESC2-3X-FLAG-KanMX 
DDY5295 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with CLONAT-pGAL1)  
ESC2-3X-FLAG-KanMX 
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(Table 3.1 continued) 
Name Genotype 
DDY5302 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with CLONAT-pGAL1)  
TFC6-3X-FLAG-KANMX 
DDY5303 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with CLONAT-pGAL1)  
TFC6-3X-FLAG-KANMX 
DDY5304 MATα  ADE2 his3 leu2 lys2△  trp1 ura3 REB1-9XMYC-TRP1 
(replace REB1 promoter region with CLONAT-pGAL1)  
TFC6-3X-FLAG-KANMX 
Table 3.2 Plasmids generated and used in this study 
Name Description 
pDD1234 ADH1 promoter-TFC6; HIS; Amp 
pDD1242 ADH1 promoter-3XFLAG 
pDD1252 pADH1-REB1 (No Flag) His; Amp 
pDD1253 ADH1 promoter-YDR026C (No FLAG) 
pDD1268 pET30a+ with REB1 DNA Binding Domain cloned in 
pDD1277 ADH1-3XFLAG-Reb1 
pDD1296 pGAL1-KAN cassette 
pDD270 pET 30a+ Novagen His-tag vector 
pDD506 ADH1 promoter in pRS413 
pDD669 P3 Flag KanMX 
Table 3.3 Oligonucleotides used in this study 
Name Sequence Description 
DDO1510 ACAATAATAATTCCATGGCAAAG 
GCATCATCTTTGGTATCTTTATC 
REB1 BD clone upstream  
PET30A NCOI 
DDO1511 ATTTATTTATATGAATTCGGATCCT 
TAATTTTCTGTTTTCATTGAAATAT 
TG 
REB1 BD clone 
downstream 
BAMHI/ECORI 
DDO1512 GATCTACTGGGTTACCCGGGGC 
ACCTG 
REB1 EMSA ribosomal  
protein gene top 
DDO1513 GATCCAGGTGCCCCGGGTAAC 
CCAGTA 
REB1 EMSA ribosomal  
protein gene bottom 
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(Table 3.3 continued) 
Name Sequence Description 
DDO1514 GATCTTCAGTATCACCCGGAAA 
GCTGC 
REB1 EMSA TFC6 top 
DDO1515 GATCGCAGCTTTCCGGGTGATA 
CTGAA 
REB1 EMSA TFC6 bottom 
DDO610 GATGAGAACATGATTCTGGAGGTT 
GCAGCAGGGCGAAAGTTTTTTAACATGG 
YTA7 EMSA top 
DDO611 CCATGTTAAAAAACTTTCGCCCTG 
CTGCAACCTCCAGAATCATGTTCT 
CATC 
YTA7 EMSA bottom 
DDO1793 CACTATCGTTATTAGTTTGAACTC 
ACGTGTTGCTGCTGAATTAGAATA 
TTTATAGCTCAATCAATGAATTCG 
AGCTCGTTTAAAC 
REB1 forward  
GAL1 promoter 
DDO1794 TTTCAAAACAGCCTCTTCCACAG 
ACTCTTGATTTGCGTTTTTATCGTT 
ATGACCTGAAGGCATCATTTTGAG 
ATCCGGGTTTT 
REB1 reverse  
GAL1 promoter 
DDO466 GTTCCTGAAACGCAGATGTG GAL1-10 UAS top 
DDO1797 CTTCGTATGCAATTGAGGGTC REB1 reverse  
RR00013 GCCTTATTTCTGGGGTAATTAATC 
AGCGAAGCG 
GAL1 promoter 
DDO705 ATTATTACACGTATCGCAATGG TFC6-ESC2 forward 
DDO706 CTATTTCAATTGCGATATACGC TFC6-ESC2 reverse 
DDO1093 CTTCTGGAATCACCGGTCATC TFC6-ESC2 forward 
DDO1299 ACGTAGGGTTTTCGAACCGCAGCT ETC6 site bottom 
DDO1275 TAAAACAGAACCGGAATGTGTTG MPH1 REB1 ChIP up 
DDO1276 ATTGTGCATGTGGTAGAAAAGAC MPH1 REB1 ChIP down 
DDO59 CATACTCGAAGGGTAGTTGG tRNA upstream for ChIP 
DDO60 GATTTTTCCATTCGCCATGC tRNA downstream for ChIP 
DDO1739 GAACTTCTGCTACCACAGATTT 
TCTAG 
TFC6 5'-extension forward 
DDO1084 AACCCTACGTTGCAAAAGAAG TFC6 5'-extension reverse 
DDO1501 TTGCTGTCTTCTGTAAGGAAATAG TFC6 5'-extension reverse 
DDO1740 GAATTCATAGGCATGCTGGTC TFC6 5'-extension reverse 
DDO1676 AAGTTGATGCAGAGGTATCCAC TFC6 qPCR top 
DDO1677 CGACGGCTAAATATTGTATATCC TFC6 qPCR bottom 
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(Table 3.3 continued) 
Name Sequence Description 
DDO1859 GTGATACTGAATCCCTTCTATTTC ESC2 5'-extension 
forward#1 
DDO1863 CTATTACTTTCATCGCTATGATCG ESC2 5'-extension 
reverse#1 
DDO1860 GAAACTGCTCTTACTGAGTAGA 
AATC 
ESC2 5'-extension 
forward#2 
DDO1861 AGCAAGTTAGAGAAATTTCGCT 
AATG 
ESC2 5'-extension 
forward#3 
DDO1862 CAATTAATCTAGATCCAGATAA 
TACAAG 
ESC2 internal control 
forward 
DDO1864 TTACTAGATGATCTGCTCAGGGAC ESC2 internal control 
reverse 
SWAP F GACATGGAGGCCCAGAATAC swap with CLONAT 
forward 
SWAP R TGGATGGCGGCGTTAGTATC swap with CLONAT 
reverse 
DDO1865 GACATGAATGAGTGTATAGCCGAT 
CAGGATATGGAAGATGAAGACAT 
GGTTGATGTCATTATTGATAGGGA 
ACAAAAGCTGGAG 
ESC2 forward primer 
for FLAG tagging 
DDO1866 CACAAAAGGTCTTATTCAATTATA 
TTCAGAAAATATTTTACAAGTACC 
GCAAGCACCACCAACACACCCTA 
TAGGGCGAATTGGGT 
ESC2 reverse primer  
for FLAG tagging 
DDO963 GTTATGCATTTTCTAATAGTGCTG 
GACTATTAACACTCGAATACCTG 
TCAAGGGAACAAAAGCTGGAG 
TFC6 forward primer  
for FLAG tagging 
DDO964 CGTCAACAATAGTTCAATGTCACA 
AATTGTATTTATTACGTAAAGTCC 
ATCTATAGGGCGAATTGGGT 
TFC6 reverse primer  
for FLAG tagging 
DDO1867 GATCATGATGAATTGGACATG ESC2 FLAG forward 
DDO520 CGTGAGTCTTTTCCTTACCC KANMX ORF upstream  
DDO965 GTACAAAATGGAATGAAACGAG TFC6 FLAG forward 
DDO1874 CTAGAAAATCTGTGGTAGCAG 
AAGTTC 
TFC6 nucleosome +1 top 
DDO1875 GCGACCAGCATGCACTAATTG TFC6 nucleosome +1 
bottom 
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(Table 3.3 continued) 
Name Sequence Description 
DDO1499 CTACAATAAAATTTGCTGTCTTCTG TFC6 promoter ChIP 
DDO1500 CAACTCATCCAGGCTTTCTC TFC6 promoter ChIP  
DDO1868 AAGAAGTCATCGCTGTTTTCATCAG TFC6 nucleosome -2 top 
DDO1869 ATCATTTGTTTTAGGCTGTTAACAG TFC6 nucleosome -2 
bottom 
DDO478 TGACTAAAGTAGAGCAACATACATT  MADHANI-E1 
DDO479 TCTCATACGTTTATTTATGAACTAC MADHANI-E2 
 
In Vivo Test of Reb1p Interaction at TFC6 Promoter 
In order to determine whether ectopic expression of Reb1p would bind and activate TFC6 
promoter, HIS3 marked plasmids expressing 3X-FLAG-REB1 or with 3X-FLAG-NSI1 driven by 
the ADH1-promoter, or the empty ADH1-promoter vector were transformed into a diploid yeast 
strain DDY4521. This strain has one copy of the TFC6 open reading frame replaced with a 
URA3 reporter gene, so cell growth on minimal medium lacking uracil can be used as an 
indicator of TFC6 promoter activity. After transforming with either empty vector or NSI1 or 
REB1 overexpressing plasmids and selecting on media lacking histidine, cultures were grown in 
liquid media and plated out at approximately 100 cells per plate on medium lacking either 
histidine or lacking both histidine and uracil. For each transformation, the sizes of individual 
colonies was measured.  
Reb1 (DNA Binding Domain) Plasmid Construction  
We cloned that DNA binding domain coding sequence of REB1 (Morrow et al., 1993), 
into the pET-30a(+) vector in order to express and purify recombinant Reb1p from E. coli. The 
REB1 DNA binding domain coding sequence was amplified from plasmid pDD1252 with primer 
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set DDO1510/1511, which include NcoI and BamHI restriction sites, and both the PCR product 
and the vector were cut with these enzymes then ligated using standard protocols. Isolated clones 
were screened by restriction digest, and then verified by Sanger sequencing.  
Reb1p Purification  
BL21 cells that contain the Reb1p expressing plasmid were grown in 1L 2XYT media 
with shaking at 37ºC until the A600 reached mid-log phase (A600= ~1.0). Protein induction was 
performed by adding IPTG (Isopropyl β-D-1-thiogalactopyranoside) to a final concentration of 
1mM and incubated for another 6 hours before collecting cells. Cell pellets were resuspended 
into 25ml lysis buffer (20mM HEPES pH 8, 500mM NaCl, 0.1mM EDTA, 0.1% Triton X-100, 
0.1mM PMSF) and sonicated on ice 5X 15” with amplitude set to 70% on a Branson 250 
sonicator with a microtip probe. Triton X-100 was added to 1% and the cell lysate was incubated 
on a nutator for 30 minutes at 4ºC. The cell lysate was collected by centrifugation in a Sorvall 
SA-600 rotor at 9000 rpm for 10 minutes at 4ºC. Cobalt beads (Clontech TALON, Cat. # 
635501) were washed with lysis buffer before adding to the cell lysate and rocking at 4ºC for 30 
minutes. Then, beads were gently pelleted down and washed twice in 5ml wash buffer (20mM 
HEPES pH 8, 500mM NaCl, 0.1mM EDTA, 0.1% Triton X-100, 0.1mM PMSF, 5mM 
imidazole). Reb1p was eluted three times at 4ºC with 1ml elution buffer (250mM imidazole, 
100mM Tris pH 8, 120mM NaCl). The purified protein was dialyzed in 1L HEMG buffer 
(25mM HEPES pH 7.6, 0.2M EDTA, 12.5mM MgCl2, 10% glycerol, 0.1mM PMSF) overnight 
at 4ºC. The protein was stored in small aliquots at -80C. 
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Gel-shift Assay 
Gel shift assays were performed by incubating the purified Reb1p with three different 
sets of synthetic oligonucleotides (DDO1512-1513: ribosomal RNA gene NTS2 terminator 
region; DDO1514-1515: TFC6 promoter; and DDO610-611: yeast YTA7 CDS). DNA probes 
were labeled with polynucleotide kinase and -32P-ATP  and incubated with an increasing 
amounts of Reb1p (0ng, 200ng, 500ng) in a total volume of 20µl binding reactions (10mM Tris 
pH 7.5, 50mM NaCl, 5mM MgCl2, 1mM EDTA, 1mM DTT, 5% glycerol, 100µg/ml BSA). 1µg 
of non-specific competitor DNA was added into each reaction. For each probe, competition was 
performed by adding 100-fold excess unlabeled probe with 500ng purified Reb1p. 15µl of of 
each reaction was loaded on 5% acrylamide/0.5X TBE gels and run at 80 volts constant for 30 
minutes. Gels were dried and exposed on a phosphorimager cassette for 3 hours to overnight. 
GAL1 Promoter Integrated Strain Construction 
In order to confirm Reb1p is the transcription factor that binds and activates TFC6 
promoter, a specific yeast strain was constructed to deplete Reb1p. Plasmid pFA6a-kanMX6-
pGAL1 (Longtine et al., 1998b) was amplified with primers DDO1793/1794 that contain 65bp 
homology sequences upstream of the REB1 start codon and 63bps homology downstream of the 
start codon attached to 20 bp homologous to either end of the kanMX-GAL1 promoter cassette. 
The PCR product was purified and transformed into a diploid yeast strain DDY5240 which has 
the 9X-MYC-TRP1 sequence attached at the 3’-end of the REB1 coding sequence. 
Transformations were plated out on YPGal plates with 200µg/ml geneticin. Colonies containing 
the [Kan-GAL1] cassette were identified by PCR using two primer sets DDO466/1797 and 
DDO1797/RR00013. All positive colonies were further confirmed by Sanger sequencing of the 
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PCR products, and then sporulated for tetrad dissection. Tetrads were re-patched onto 
YPGal+geneticin plates and positive haploids were identified as above.  
Optimization of Reb1p Depletion 
A haploid GAL1 promoter-REB1 strain was inoculated into 10ml YPGal+geneticin 
culture and grown overnight. The overnight culture was diluted into ~260ml of YPGal+geneticin 
with an initial A600 ~ 0.1 and incubated at 30ºC with shaking until A600 reached ~1.0. Two 25 
ml aliquots were centrifuged to collect cell pellets for protein extraction and RNA extraction and 
the remainder of the culture was collected and resuspended in YPD media to turn off the GAL1 
promoter. Cells were collected at different time points after switch to dextrose (2h, 4h, 8h, and 
overnight, ~18h). Cell pellets were washed 1X in 1ml ice-cold 1X PBS and stored at -80ºC. 
Pellets were thawed and resuspended in ~150µl of lysis buffer (20mM Tris-Cl 7.2, 125mM KAc, 
4mM MgCl2, 0.5mM EDTA, 5mM Sodium Bisulphite, 0.1% Tween-20, 12.5% Glycerol, 1mM 
DTT, 2µg/ml Leupeptin, 2µg/ml Pepstatin A, 1mM PMSF). Approximately 300 l glass beads 
were added and the cell suspensions were vortexed 5 times for 15’’ at maximum speed in a bead 
beater. Suspensions were separated from beads by poking holes at top and bottom of tubes and 
piggy-backed into clean microfuge tubes by spinning briefly in a microfuge. Cell lysates were 
clarified by centrifugation in a chilled microfuge (10’ at top speed), and protein concentration 
was measured using the Bradford assay (Bio-Rad). 60µg of total protein was loaded per lane on 
an 8% acrylamide SDS-PAGE gel. Proteins were electro-transferred to Millipore Immobilon 
membrane using semi-dry transfer buffer on a Bio-Rad Trans-Blot apparatus, and the membrane 
was blocked for 1hr at RT. After overnight incubation with primary antibody, horseradish 
peroxidase conjugated anti-mouse Ig secondary antibody was added, and incubated for 2 hours at 
room temperature. After washing, Immuno-star Western chemiluminescent kit (Bio-Rad) was 
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used for signal detection. Band signals were captured using a ChemiDoc XRS+ system (Bio-
Rad) with Image Lab software. 
Chromatin Immunoprecipitation (ChIP) 
Cells were grown in 120ml media at 30ºC with shaking to an A600 of ~1.5, and cross-
linked by the addition of formaldehyde to 1% final concentration. Crosslinking was performed at 
RT for 20 minutes with gentle shaking. Cell pellets were washed in 1X PBS and frozen at -80ºC. 
Thawed cell pellets were resuspend in 800µl lysis buffer (50mM HEPES-KOH, Ph7.5, 140mM 
NaCl, 1% Triton X-100, 0.1% Na deoxycholate, 1mM PMSF, 1µg/ml Leupeptin, 1µg/ml 
Pepstatin A). Lysates were prepared by vortexing for 40min at 4ºC after the addition of 500µl 
glass beads. Cell lysates were separated from beads as described above. Lysates were sonicated 6 
times 10’’ in a Branson 250 sonicator set at 25% amplitude. Whole cell extracts (WCE) were 
collected after clarification of debris by centrifugation for 10’ at 4 ºC. 20µl of WCE were 
removed for reverse crosslinking and DNA extraction to verify sonication efficiency. For 
immunoprecipitation, 100µl WCE were mixed with 300µl lysis buffer. 30µl of blocked 
sepharose A/G beads suspension were added to each tube and rocked on nutator at 4ºC for 6hr to 
pre-clear the WCE. Antibody was added to the cleared extract (or nothing to the control extract), 
and each was incubated overnight at 4ºC. After incubation with antibody, 30µl of sepharose A/G 
beads was added and incubated overnight. Beads were then pelleted and sequentially washed for 
5min each on rotating wheel with 1ml of the following buffers: lysis buffer, IP wash buffer #1 
(lysis buffer + 500mM NaCl), IP wash buffer #2 (10mM Tris 8.0, 250mM LiCl, 0.5% NP-40, 0.5% 
NaDeoxycholate, 1mM EDTA), 1X TE. Bound protein-nucleic acid complexes were eluted 
twice with 250µl elution buffer (1% SDS, 0.1M NaHCO3) and mixed with 20µl of 5M NaCl 
before incubating at 65ºC for 4hr to reverse crosslinks. For input controls, 10µl WCE was diluted 
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into 475µl elution buffer and 20µl of 5M NaCl for reversal of crosslinks. 1µl Roche proteinase K 
(20mg/ml stock), 20µl 1M Tris pH8 and 10µl 0.5M EDTA were added and incubated at 55ºC for 
30min. Each sample was phenol-chloroform extracted, followed by ethanol precipitation. DNA 
pellets were dissolved in 200µl 1X TE + 60µg/ml RNase A, and 4ul of recovered ChIP DNA 
was used for PCR analysis. 
RNA Extraction and RT-PCR 
Total RNA was extracted from 35ml cultures at an O.D.600 = ~1.0 using a standard 
phenol/chlorophorm extraction and ethanol precipitation protocol (Iyer and Struhl, 1996). RNA 
pellets were redissolved in 300µl DEPC treated water and RNA concentration was measured by 
measuring A260. First strand cDNA was synthesized from 500ng total RNA after DNAse 
treatment (RQ1 DNAse, Promega M6101), using the ProtoScript First Strand cDNA Synthesis 
Kit (NEB #E6300S). Random primed cDNA was generated for the analysis. Two sets of primers 
were designed to detect altered TFC6 mRNA transcripts in tfc6 mutants/after Reb1p depletion, 
and one set of primers was designed to detect internal normal TFC6 mRNA transcripts across all 
different strains as a controls. A similar strategy was used to assess the effects on ESC2 mRNAs. 
Nucleosome Positioning 
To determine whether the nucleosome position is altered in the TFC6 promoter mutant, 
wild-type strain (DDY3630) and tfc6 mutant strain (DDY4300) were included in this study. Both 
cell types were processed using the above chromatin immunoprecipitation (ChIP) method. To 
sonicate the chromatin into smaller fragments, 100ul of each WCE was transferred into 
Bioruptor 0.5ml microtubes (Cat. No. C30010013). Additional sonication was performed by 
using a Diagenode Bioruptor sonication system version 1.1 (Cat. No. UCD-600) installed in the 
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Genomic Facility at Louisiana State University. In order to get target DNA fragment size 
(~200bps), 13 cycles of 30’’ on and 30’’ off were applied to the samples. The size range of DNA 
fragments was confirmed by electrophoresis after reverse-crosslinking of 20µl WCE. For each 
sample, 35µl of WCE was used for immunoprecipitation with anti-histone H3 antibody (Abcam 
ab1791) or for no antibody controls. 10µl of WCE was used for input controls. Subsequent steps 
were as described above. 140µl of TE+RNaseA (60µg/ml) was added to each sample, except the 
input control was dissolved in 200µl. 4µl of ChIP DNA was used for PCR analysis. Three sets of 
primers within previously mapped nucleosome positions were designed to analyze histone H3 
enrichment, and a primer set within the HMR locus was used as a control. Quantitative PCR 
(qPCR) was performed as described (Wang et al., 2014) using iQ SYBR Green Supermix (Bio-
Rad 170-8882). Samples were normalized to the signal generated using primers that amplify a 
well-positioned nucleosome region within the heterochromatic HMR domain. 
Results 
Reb1p Binds and Regulates Tfc6 Promoter 
Within the TFC6 promoter region is the ETC6 site which is bound by the TFIIIC 
complex, and just upstream of ETC6 is a well conserved site that matches the consensus Reb1p 
binding site (Kleinschmidt et al., 2011; Rhee and Pugh, 2011). Sequences from five different 
yeast species show the conservation of ETC6 and the Reb1 binding site (Figure 3.1). To 
determine whether ectopic expression of Reb1p would bind and activate the TFC6 promoter, we 
constructed a HIS3 marked plasmid expressing 3X-FLAG-REB1 driven by the ADH1-promoter 
and an empty ADH1-promoter plasmid. Since S. cerevisiae itself contains another myb-domain 
gene called NSI1 which has been show to perform similar functions as REB1 (Reiter et al., 
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2012), we also constructed a plasmid to express 3X-FLAG-NSI1. A diploid yeast strain with one 
copy of the TFC6 open reading frame replaced with the URA3 coding sequence, was used as a 
reporter strain. This strain also contains a point mutation (C > G) in the ETC6 to relieve TFIIIC 
mediated autoregulation (Kleinschmidt et al., 2011) of the promoter driving URA3 (Figure 3.2). 
 
Figure 3.1: Sequence alignment of the TFC6 promoter region from five different budding yeast 
species. Sequences of the intergenic region upstream of TFC6 were downloaded from the UCSC 
genome browser and aligned up using BioEdit. The pink shaded block shows conservation of the 
consensus Reb1 binding site and the green shaded block shows the conserved ETC6 B-box 
sequences. Black arrow shows transcriptional start site of TFC6. 
The cell growth on minimal medium lacking uracil was used as an indicator of TFC6 promoter 
activity in response to the ectopically expressed DNA binding proteins. After transforming the 
reporter strain with an empty vector, NSI1 or REB1 overexpressing vector and selecting on 
media lacking histidine, cultures were grown in liquid media and plated at approximately 100 
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cells per plate on medium lacking either histidine or lacking both histidine and uracil. All 
transformants grew equivalently on media lacking histidine, showing that the plasmids 
themselves did not affect cell growth after transformation (Figure 3.2). When cells were grown 
on medium lacking both histidine and uracil, yeast containing the REB1 expressing plasmid grew 
faster (as indicated by relative colony size) than yeast containing either vector alone or NSI1 
plasmid (Figure 3.2). This result is consistent with the hypothesis that Reb1p activates the TFC6  
promoter. 
 
Figure 3.2: Overexpression of Reb1p enhances URA3 expression driven by the TFC6 promoter. 
DDY4521 is a diploid strain with the URA3 coding sequence replacing one copy of the TFC6 
coding sequence. The ETC6 site has been mutated to inhibit TFIIIC binding (green) and the 
Reb1 site is indicated by the pink block. This strain was transformed with empty vector, or the 
same vector overexpressing NSI1 or REB1 with FLAG tag. Both bar graph and plate image show 
that overexpression of Reb1p but not Nsi1p resulted in faster colony growth on medium lacking 
uracil, indicating that Reb1p binds and activates the TFC6 promoter. 
To confirm that Reb1p directly binds to the TFC6 promoter, we performed 
electrophoretic mobility shift assay (EMSA) (in vitro) and chromatin immunoprecipication (in 
vivo) analysis. A plasmid expressing the Reb1p DNA binding domain was constructed and 
transformed into E. coli BL21 cells. Recombinant Reb1p was overexpressed by IPTG induction 
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and purified by using cobalt beads. EMSA was performed by incubating the recombinant Reb1p 
with three different sets of double stranded oligonucleotide probes (Figure 3.3). Figure 3.3 [A] 
used a probe from the ribosomal DNA terminator region that contains a consensus Reb1p 
binding site which had previously been shown to bind Reb1p in vitro (Morrow et al., 1989; 
Morrow et al., 1990). A strong shifted band was observed when this probe was incubated with 
Reb1p, which confirms direct binding. Figure 3.3 [B] shows that the recombinant Reb1p also 
binds at the TFC6 promoter region sequence upstream of the ETC6 site. Figure 3.3 [C] used 
oligonucleotides homologous to the coding sequence of YTA7 as a negative control probe, and no 
shifted band was detected with Reb1p. 
 
Figure 3.3: Electrophoretic mobility shift assay of Reb1p. To verify direct interaction of Reb1p 
at the TFC6 promoter region, three separate radiolabeled double-stranded oligonucleotide probes 
were incubated with purified recombinant Reb1p, then resolved on polyacrylamide gels. Panel A 
used a previously characterized Reb1p-binding rDNA probe as a positive control, panel B used 
the TFC6 promoter Reb1 consensus sequence as a probe, and panel C used a yeast YTA7 coding 
sequence as a negative control. Lanes 1-3 contained increasing amounts of Reb1p (0ng, 200ng, 
500ng) and lane 4 was incubated with 500ng Reb1p plus 100-fold excess unlabeled probe. 
EMSA analysis showed that purified recombinant Reb1p DNA binding domain specifically 
binds to the TFC6 promoter sequence upstream of ETC6 and to the rDNA enhancer site, but not 
to the YTA7 ORF. 
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To confirm that Reb1p binds to the TFC6 promoter in vivo, we constructed yeast strains 
with three copies of the FLAG epitope tag attached to the C terminus of the REB1 coding 
sequence. Chromatin extracts from each formaldehyde cross-linked strain were processed for 
sonication and immunoprecipitation with anti-flag antibody. The ChIP DNA was analyzed by 
PCR amplification using primers surrounding the Reb1 consensus site within the TFC6 promoter 
region. Figure 3.4 shows the enrichment of Reb1p signal at Tfc6 promoter region compared to 
the no antibody controls across three independently isolated REB1-3X-FLAG yeast strains. 
 
Figure 3.4: Chromatin immunoprecipitation of Reb1. Yeast strains DDY5238, DDY5239, and 
DDY4441 contain a 3X-FLAG epitope tag at the C-terminus of the REB1 coding sequence. Anti-
flag antibody was used to immunoprecipitate crosslinked target DNA. Each strain was analyzed 
with no antibody and input controls for PCR amplification. The Reb1 signal was enriched for all 
three yeast strains at TFC6 promoter, verifying that Reb1p binds at TFC6 promoter in vivo. 
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Reb1p and TFIIIC Complex Both Bind to The Tfc6 Promoter  
Previously published data in our lab demonstrated that ectopic overexpression of Tfc6p 
leads to the increased in vivo binding of TFIIIC complex at the TFC6 promoter and 
downregulation of TFC6 promoter activity (Kleinschmidt et al., 2011). Sequence analysis 
showed that the Reb1p binding site and the ETC6 site are very close to each other and Reb1p 
regulates the TFC6 promoter as demonstrated above. Given those observations, we asked 
whether Reb1p and the TFIIIC complex can both bind to the promoter by determining if 
overexpression of either factor can compete for in vivo binding with the other. To address this 
question, we performed two sets of chromatin immunoprecipitation using yeast strains 
overexpressing either Tfc6p or Reb1p. The first set used yeast strains with a 3X-FLAG epitope 
tag attached to the coding sequence of TFC1 to monitor binding of the TFIIIC complex by ChIP. 
Figure 3.5 left panel shows ChIP results of TFIIIC complex binding in cells where Reb1p is 
overexpressed compared to cells carrying the empty vector. No difference in TFIIIC complex 
binding was found after Reb1p is overexpressed. The second experiment used yeast strains 
containing REB1-3X-FLAG to monitor Reb1p binding by ChIP. Similarly, overexpression of 
Tfc6p in this strain does not alter Reb1p binding (see right panel in Figure 3.5). For both sets of 
ChIP assays, we don’t see any differences of signal enrichment by comparing with an empty 
control. Therefore, these ChIP results suggest that both factors can bind at the TFC6 promoter, as 
overexpression of either Tfc6p or Reb1p does not appear to compete with the other. 
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Figure 3.5: Both TFIIIC complex and Reb1p bind at TFC6 promoter region and do not compete 
for binding. DDY4775 contains the FLAG epitope tag at the end of TFC1, and DDY4441 
contains FLAG at the end of REB1 coding sequence. Both strains were transformed with an 
empty vector or a vector overexpressing either Reb1p or Tfc6p. A single transformant was 
picked and processed for ChIP to detect whether overexpressing either Reb1p or Tfc6p would 
compete with the endogenous proteins for binding to TFC6 promoter. The recovered ChIP DNA 
was quantitated by real-time PCR. The percentage of input control of each type of transformant 
was shown on the bar graph. By comparing to the empty vector control, it shows that 
overexpression of either protein (Reb1p or Tfc6p) did not affect the binding of the other at the 
TFC6 promoter. 
 
Reb1p Depletion Leads to an Upstream Shift of the TFC6 Transcriptional Start Site 
As previously demonstrated, mutation of the Reb1 consensus binding site in the TFC6 
promoter results in modestly reduced TFC6 mRNA transcript levels (Kleinschmidt et al., 2011). 
RNA sequencing data from cells containing the same promoter mutation showed an alteration in 
the transcriptional start site (TSS) of TFC6 (Wang et al., 2014), resulting in a 5’-UTR extension 
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which contains additional upstream start codons, abolishing the original open reading frame. 
Given these results, we hypothesized that depletion of Reb1p would have the same effect on 
TFC6 TSS choice. To test this hypothesis, we created yeast strains containing the GAL1 
promoter in place of the REB1 promoter. These yeast strains express Reb1p when grown in 
galactose medium, and will turn off the GAL1 promoter and deplete Reb1p after shifting to 
glucose medium (Longtine et al., 1998a). Also, these yeast strains were engineered to contain 
9X-MYC-TRP1 attached to the C-terminus of the REB1 coding sequence to monitor the 
expression level of Reb1p. Figure 3.6 [A] shows the western blot results after incubating the 
GAL1-REB1-myc yeast strain in glucose medium for different time periods (0 hour, 2 hour, 4 
hour, 8 hour, overnight). Reb1p levels remained remarkably constant through 8 hours in glucose 
medium, but were finally depleted after overnight incubation.   
After determining the time course of Reb1p depletion, we asked if this depletion 
mimicked the Reb1p binding site promoter mutation and resulted in an extended TFC6 mRNA. 
We performed RT-PCR on the same strain (DDY5248) before and after shifting into glucose 
medium overnight. As controls, a wild-type yeast strain (DDY3) and a Reb1p consensus binding 
site mutant strain (DDY4300) were also included for analysis. Two sets of primers were used for 
the PCR amplification. One set is designed to detect the 5’-UTR extended transcript and the 
other set is homologous to the normal length TFC6 transcript as an internal control. In Figure 3.6 
[B], extended transcripts were found in the GAL1 promoter-Reb1p strain only after overnight 
depletion, consistent with the phenotype seen in Reb1p consensus binding site mutant strains 
(Wang et al., 2014). This result indicates that Reb1p plays an essential role in directing proper 
transcriptional start site selection at TFC6 promoter. 
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Figure 3.6: RT-PCR of TFC6 and western blot of Tfc6p. A). Western blot of Reb1p depletion at 
different time periods. The GAL1 promoter integrated yeast strain DDY5248 was shifted to YPD 
medium and incubated for 2hrs, 4hrs, 8hrs, and overnight to deplete Reb1p. B). RT-PCR of 
TFC6. Black large arrow shows normal transcriptional start site and red large arrow shows the 
start site of extended transcript. Small black arrows show the relative position of two sets of PCR 
primers. C). Western blot of Reb1p-9X-MYC and Tfc6p-3X-FLAG on three isolated yeast 
strains (1: DDY5302; 2: DDY5303; 3: DDY5304 grown in YPGal media; 4: DDY5302; 5: 
DDY5303; 6: DDY5304 grown in YPD media for overnight). 
Since mutation of the Reb1 site results in reduced Tfc6p translation due to the extended 
5’UTR (Wang et al., 2014), we investigated Tfc6p levels after Reb1p depletion. To construct this 
test strain, we modified the GAL1 promoter strain (DDY5248) by first swapping the KanMX 
marker with a Clonat cassette. Then, a 3X-FLAG-KanMX cassette was inserted to tag the end of 
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TFC6. The resulting yeast strains contained the GAL1 promoter driving MYC epitope tagged 
REB1, and the FLAG epitope tag on TFC6. Figure 3.6 [C] shows the western blot results of three 
independent isolates with desired genotype. Lanes 1-3 have the total protein extract from three 
isolates grown in the galactose medium and lanes 4-6 have the total protein extract from the 
same three isolates shifted to glucose overnight. Results show that the expression of Tfc6p is 
dramatically reduced upon Reb1p depletion, which phenocopies the result when the Reb1 site is 
mutated (Wang et al., 2014). These results indicate that depletion of Reb1p leads to formation of 
5’-extended TFC6 transcript, which in turn results in decreased translation of Tfc6p. 
Reb1p Depletion also Affects ESC2 Gene at Both TSS and Translational Levels 
This Reb1 consensus binding site is located between two divergently transcribed genes – 
TFC6 and ESC2. Since depletion of Reb1p affects TFC6, we were interested to see whether there 
were any effects on the ESC2 gene when Reb1p binding is compromised at this site. Analysis of 
our previously published transcriptome data (Wang et al., 2014) suggested that the ESC2 mRNA 
might also be extended in the Reb1 site promoter mutant. Similar to our analysis of TFC6, we 
designed RT-PCR primers to detect potential extended ESC2 transcripts. As seen in Figure 3.7, 
strain DDY4300 (Reb1 consensus binding site mutation strain) shows an enrichment of extended 
ESC2 mRNA transcripts compared with the wild-type strain DDY3.  Extended transcripts were 
also seen in the strain DDY5248 only when it was shifted to glucose to shut off Reb1p 
expression. These results suggest that Reb1p binding to this divergently transcribed intergenic 
region is important for proper TSS selection in both directions. 
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Similar to the TFC6, we found additional start codons within the extended mRNA 
sequence upstream of normal ESC2 start codon. To find out whether this extended transcript 
would result in alteration in the ESC2 expression level, we constructed three independently yeast  
 
Figure 3.7: Alterations of ESC2 at both transcriptional and translational level. A). The schematic 
depicts the relative genomic location of ESC2 and TFC6. The large black arrow (at TSS) shows 
the normal transcription start site of ESC2 and small black arrows underneath show the position 
of two sets of primers used for RT-PCR. B). RT-PCR of ESC2 transcripts. The extended 
transcript is significantly enriched only when Reb1p binding to the TFC6 promoter is 
compromised by either binding site mutation or Reb1p depletion. C). Western blot of Esc1p-3X-
FLAG. Lane 1-3 are three isolated yeast strains grow in YPGal and lane 4-6 are the same three 
yeast strains grown overnight in YPD to deplete Reb1p. (1,3: DDY5293; 2,4: DDY5294; 3,6: 
DDY5295). 
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strains for western blot analysis. Beginning with the same GAL1 promoter REB1-myc yeast 
strains, we integrated 3X-FLAG-KanMX at the C-terminus of the ESC2 coding sequence. Figure 
3.7 [C] shows the result of anti-FLAG western blot analysis. Lanes 1-3 are independently 
isolated yeast strains cultured in galactose medium and lanes 4-6 were the same three yeast 
strains incubated overnight in glucose medium. Expression of ESC2 was detected in cells grown 
in galactose, but was significantly depleted after Reb1p expression was turned off. The apparent 
molecular weight of the Esc2p-3X-FLAG protein in our SDS-PAGE gels is larger than expected 
(predicted size is 56.4 kDa). However, several previous studies have demonstrated a similarly 
aberrant mobility of Esc2p (Ohya et al., 2008; Sollier et al., 2009; Yu et al., 2010). Given these 
results, we conclude that Reb1p is important for proper TSS selection and therefore proper 
translation of both TFC6 and ESC2. 
Altered Nucleosome Positioning After Reb1p Depletion 
Given the results that Reb1p has essential functions within the intergenic region between 
TFC6 and ESC2, we wanted to assess a possible mechanism for this effect. Since Reb1p was 
previously demonstrated to influence nucleosome positioning, we tested whether local histone 
occupancy was altered in response to inhibition of Reb1p interaction. Numerous studies have 
demonstrated that nucleosomes are depleted at many enhancer, promoter and terminator regions 
(Field et al., 2008; Kaplan et al., 2009; Lee et al., 2007b; Mavrich et al., 2008b). In S. cerevisiae, 
nucleosome depleted regions are upstream of the +1 nucleosome, and a schematic depiction of 
these positions within TFC6-ESC2 intergenic region is shown in Figure 3.8. To assay for altered 
nucleosome positioning, we performed ChIP using antibody against histone H3, and the 
recovered DNA was analyzed by three different sets of primers (as depicted in the figure) 
internal to the mapped nucleosome positions. In Figure 3.8 [B], the histone H3 signal enrichment 
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was qualitatively compared between wild type and Reb1 site mutation strains for each set of 
primer. The same ChIP samples were quantitated by qPCR. Both qualitative and quantitative 
results demonstrated histone H3 association at the start of both ESC2 and TFC6 are similar in 
both strains. However, in the mutant strain a significant increase in H3 is seen at the nucleosome 
free region mapped in wild type cells. The results are consistent with a loss of nucleosome 
positioning and NFR formation at this intergenic region, which could explain the 5’-extended 
transcripts in both directions. 
 
Figure 3.8: Alteration of the nucleosome positioning at the ESC2-TFC6 intergenic region after 
Reb1p depletion. A). Schematic depiction of mapped nucleosome positions at the intergenic 
region ESC2-TFC6. B). Histone H3 signal enrichment at Reb1p binding site after depleting 
Reb1p analyzed by chromatin immunoprecipitation. Three sets of primers are used for assessing 
nucleosome positioning. The enrichments are quantitated by real-time PCR and the bar graph is 
created by comparing wild-type with mutants. A significant nucleosome change was observed at 
Reb1p binding site after Reb1p depletion, as the normally nucleosome free region shows a 
significant increase in histone H3 occupancy. 
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Discussion 
In this study, we analyzed promoter elements within the intergenic region between the S. 
cerevisiae ESC2 and TFC6 genes, and identified a Reb1p consensus binding site located 
upstream of the TFIIIC binding site ETC6. The results presented here suggest that Reb1p directly 
binds and activates the TFC6 promoter, based on both in vivo and in vitro promoter activity and 
binding experiments in S. cerevisiae. Furthermore, we find that binding of Reb1p at this 
intergenic region determines proper transcriptional start site (TSS) of both TFC6 and ESC2, as a 
5’-UTR extension was observed on the mRNA of both genes by either mutating the Reb1p 
consensus binding site or depleting Reb1p. Additionally, these extended transcripts result in 
greatly compromised translation of the mRNAs, which is consistent with previous findings based 
on our previously published yeast transcriptome data (Wang et al., 2014).  
Study of the ETC6 site within the TFC6 promoter suggested autoregulation of TFC6 
expression, as inhibition of TFIIIC binding to ETC6 resulted in increased TFC6 transcript levels, 
and ectopic overexpression of TFC6 resulted in elevated TFIIIC association at ETC6 and 
decreased expression from the TFC6 promoter (Kleinschmidt et al., 2011). Given our ChIP 
results that both Reb1p and TFIIIC complex bind at the intergenic region ESC2-TFC6, as well as 
previous results suggesting that assembled Pol III complexes at both ETC and tDNA sites exert 
“extra-transcriptional” functions characteristic of insulator activity, we speculate that TFIIIC 
complex binding at ETC6 may modulate transcription by an insulator-like mechanism. 
Assembled TFIIIC complexes at ETC6 sites acting as insulators appear to partially modulate 
Reb1p activation of the TFC6 promoter. This is consistent with previous findings demonstrating 
that Reb1p acts as a weak activator of gene expression (Brandl and Struhl, 1990; Chasman et al., 
1990; Remacle and Holmberg, 1992; Salmeron and Johnston, 1986). Tfc6p is an essential 
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subunit of the TFIIIC complex, and large-scale proteomic studies of yeast protein expression 
suggested that Tfc6p is the most limiting components of TFIIIC complex (Arrebola et al., 1998; 
Ghaemmaghami et al., 2003), therefore, the expression of Tfc6p appears to be under stringent 
control in the yeast cell. 
Previously published yeast transcriptome results revealed multiple instances of 5’-UTR 
extension of genes near tDNAs when TFC6 expression was inhibited by mutation of the 
promoter Reb1p binding site. (Wang et al., 2014). The role of Reb1p at this locus was confirmed 
in this work, as we also found 5’-UTR extensions at TFC6 and ESC2 genes when depleting 
Reb1p by switching the GAL1 promoter driven yeast strain into YPD media. Manual inspection 
of extended 5’-UTR sequence of both TFC6 and ESC2 revealed several aberrant start codons 
located farther upstream of the original start codon, and the open reading frame was shifted. 
Additionally, Western blot analysis showed greatly compromised protein levels of both TFC6 
and ESC2 after Reb1p depletion. Differential choice of transcription start and stop sites were 
demonstrated to be pervasive in yeast when growing at different environmental conditions 
(Waern and Snyder, 2013). However, the TSS choice is greatly under-appreciated as a 
quantitatively significant mechanism for regulating protein production (Rojas-Duran and Gilbert, 
2012). Given our results found at this specific intergenic region ESC2-TFC6, Reb1p appears to 
have a specific role in addition to activating transcription, that of determining appropriate TSS 
selection at bi-directional promoters.  
Emerging nucleosome mapping studies in yeast have revealed that ~80% of promoters 
are within nucleosome-free region (NFR) (Yuan et al., 2005; Zhang et al., 2011), and one 
possible mechanism of NFR formation is the removal of nucleosomes through ATP-dependent 
chromatin remodeler complex (Boeger et al., 2003). RSC, the most abundant member of the 
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SWI/SNF family remodelers, was reported to be involved in NFR formation (Wippo et al., 2011) 
and it was suggested to interact with Reb1p (Gavin et al., 2002). Reb1p binding sites were found 
to be the most conserved sequence elements in yeast promoters (Elemento and Tavazoie, 2005) 
and are commonly found in NFRs (Fedor et al., 1988; Hartley and Madhani, 2009). Hartley and 
Madhani (2009) found that the elimination of either RSC or Reb1p abolished the formation of 
numerous NFRs (Hartley and Madhani, 2009). Conversely, an ectopic NFR was formed by the 
introduction of a DNA element containing a Reb1p-binding site (Raisner et al., 2005). 
Additionally, binding of TFIIIC complex to chromatin was demonstrated to have important roles 
in the displacement of nucleosomes (Morse et al., 1992). The intergenic region ESC2-TFC6, 
containing both Reb1p binding site and ETC6, was analyzed for altered nucleosome positioning. 
By performing ChIP assay using anti-H3 antibody, we confirmed altered nucleosome positioning 
at the intergenic region ESC2-TFC6 in Reb1p binding site mutants, which might explain the 
observed alteration of transcriptional start site. 
Previous studies have demonstrated that Reb1p has essential roles in controlling 
pervasive transcription and preventing transcription through gene regulatory regions through 
roadblock termination (Colin et al., 2014). By depleting Reb1p in yeast cells, potential 
unchecked cryptic transcription might occur, which could lead to unexpected and even 
detrimental misexpression of genes containing promoter Reb1p binding sites. We observed 
similarly extended transcripts of both TFC6 and ESC2 when either depleting Reb1p or mutating 
the Reb1 binding site at the intergenic region ESC2-TFC6. However, Reb1p depletion most 
likely has effects on other genomic locations, since Reb1p is found to be a transcription factor of 
Pol I and Pol II and also a terminator of Pol I transcription, as well as the significant roles 
discussed above. Since the yeast genome is highly compact, the proper regulation of genes at 
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both transcriptional and translational levels should be considered when assessing the role of 
promoter bound transcription factors. 
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CHAPTER 4 
DISCUSSION 
In eukaryotes, transcription of various sets of genes are mediated by three RNA 
polymerases directed by their corresponding transcriptional factors. RNA polymerase III (Pol III) 
transcribes tRNA genes, 5S ribosomal RNA (5S rRNA) genes, and some other small non-coding 
genes (Dieci et al., 2007; Huang and Maraia, 2001; Orioli et al., 2012). Different from protein-
coding genes, tRNA genes contain internal promoters (A and B box) that are specifically 
recognized and bound by the TFIIIC complex. Binding of TFIIIC at tRNA genes is required to 
recruit TFIIIB, which is responsible for targeting Pol III to the transcriptional start site and 
initiate transcription (Acker et al., 2013). In addition to the typical tRNA genes, TFIIIC 
complexes can bind at other chromosomal locations without TFIIIB and Pol III, and these sites 
are referred to as extra-TFIIIC sites (ETC sites) (Moqtaderi and Struhl, 2004). Both complete and 
partially assembled Pol III complexes are found to have extra-transcriptional functions including 
targeting Ty retroelement integration, phasing of local nucleosome positioning, inhibiting 
transcription from nearby Pol II promoters, pausing DNA replication forks, as well as chromatin 
boundary activities (Donze, 2012). This study mainly focused on the regulatory impacts of 
assembled Pol III complexes at nearby Pol II genes.  
Depending on the transcriptional state, the eukaryotic genome is demarcated into 
euchromatin and heterochromatin. Both domains are interspersed along the chromosome and the 
boundaries that demarcate them have been under extensive investigations (Capelson and Corces, 
2004; Gaszner and Felsenfeld, 2006; Lunyak, 2008; Valenzuela and Kamakaka, 2006). Based on 
different functions, boundary elements can be categorized into two types: (1) acting as barriers to 
protect active genes from the self-propagation of repressive chromatin (Donze and Kamakaka, 
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2001; Gdula et al., 1996; Kellum and Schedl, 1991; Oki and Kamakaka, 2005; Simms et al., 
2004) and (2) acting as insulators to block the regulatory interactions between enhancers and 
gene promoters (Kleinschmidt et al., 2011; Raab and Kamakaka, 2010; Recillas-Targa et al., 
2002; Simms et al., 2008; Udvardy et al., 1985). In Saccharomyces cerevisiae, tRNA genes can 
function as both chromatin barriers and enhancer-blocking insulators (Donze et al., 1999; Donze 
and Kamakaka, 2001; Noma et al., 2006; Scott et al., 2006; Simms et al., 2008). More recently, 
tRNA genes were also identified as barriers to the spread of heterochromatin in S. pombe (Haldar 
and Kamakaka, 2006; Scott et al., 2006). Studies on yeast telomeres revealed additional 
sequences with the functional hallmarks of barriers and these sequences were called STARS 
(subtelomeric anti-silencing regions) (Fourel et al., 2001). STARS contain binding sites for 
Tbf1p and Reb1p, and the barrier activity can be reproduced by multimerization of the individual 
sites or artificially recruiting these proteins (Fourel et al., 2001; Fourel et al., 1999; Yu et al., 
2003).  
Boundary elements are important in delimiting units of independent gene activity, but 
how they function to block enhancers is not well understood. In eukaryotes, there are three 
different models that have been proposed for enhancer blocking activity of boundary elements. 
First, boundary elements function as roadblocks to passively block regulatory complexes moving 
along the chromatin fiber. Along with that, the roadblock can also recruit enzymatic activities 
that can locally modify chromatin and maintain the chromatin state (Gohl et al., 2011). Second, 
boundary elements have been proposed to capture and retain a looping enhancer, which prevents 
the enhancer from establishing productive contacts with the target promoter (Gohl et al., 2011; 
Kuhn and Geyer, 2003). Third, boundary elements are involved in a topological loop domain 
model, in which the chromosome is subdivided by boundaries into a series of independent loops. 
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In this way, genes are topologically isolated from regulatory elements in different loops, which 
make it difficult to establish productive interactions between regulatory elements in one looped 
domain and potential target genes in another (Gohl et al., 2011; Rippe, 2001; West and Fraser, 
2005).  
There are 274 tRNA genes interspersed throughout 16 chromosomes in Saccharomyces 
cerevisiae. In order to detect extra-transcriptional effects of RNA Pol III complexes genome-
wide, yeast strains with TFC6 promoter mutants were selected for sequencing. By decreasing the 
overall Tfc6p level in the cell, the binding of TFIIIC complexes at chromosomal regions is 
globally reduced. Frequent 5’-UTR extensions of protein-coding mRNAs, and a large set of 
derepressed intergenic cryptic transcripts was observed in tfc6 mutants compared to wild types. 
Manual inspection of all transcripts exhibiting 5’-UTR extensions and derepression has revealed 
that 77% of them are located in close proximity with Pol III complexes binding sites (Chapter 2). 
Xu et al. (2009) recently discovered pervasive cryptic transcription emerging in the yeast 
genome and most such transcripts initiated from nucleosome-free regions associated with 
bidirectional promoters (Xu et al., 2009). By combining all observed transcriptional effects with 
this known fact of the prevalence of bidirectional promoter activity in the yeast genome, we 
proposed a model (Chapter 2) for the appearance of 5’-extended and de-repressed Pol II 
transcripts in Pol III complex mutants. In this model, Pol II transcribes in one direction from a 
bidirectional promoter in wild-type cells with assembled Pol III complexes preventing 
transcription in the other direction. However, in the tfc6 mutants, Pol II transcribes both 
directions from the bidirectional promoter when Pol III complex binding is globally 
compromised. Consistent with the roadblock function detected at ATG31 locus, the model 
presented here suggests a roadblock insulator activity of assembled Pol III complexes at 
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chromosomes, since small intergenic cryptic transcripts (<100bps) could not be efficiently 
detected from our RNA-seq data. 
Previous studies at the TRT2 tDNA first demonstrated that the tDNA binding of TFIIIC 
can act as a enhancer blocking element to prevent the STE6 regulatory elements from affecting 
CBT1 transcription level in its natural context (Simms et al., 2008). Results consistent with a 
similar insulating effect was observed at ETC6 (Chapter 3) (Kleinschmidt et al., 2011). ETC6 is 
located between two divergently transcribed genes – ESC2 and TFC6. These two genes are 
transcribed by a bidirectional promoter, as the mutation of the promoter site significantly 
decreases expression levels of both ESC2 (~20 fold down) (Wang unpublished data) and TFC6 
(~17 fold down-regulated) (Wang et al., 2014). Given that the mutation of B-box of ETC6 leads 
to increased transcription level of TFC6, and increased binding of TFIIIC at ETC6 by ectopically 
overexpressed TFC6 results in decreased TFC6 promoter activity (Kleinschmidt et al., 2011), we 
suggest a potential insulating activity of ETC6.  
Numerous studies have been conducted on genome-wide mapping of nucleosomes in 
yeast species (Bernstein et al., 2004; Field et al., 2008; Jiang and Pugh, 2009; Kaplan et al., 
2009; Lee et al., 2004; Lee et al., 2007b; Mavrich et al., 2008a; Shivaswamy et al., 2008; Yuan et 
al., 2005; Zhang et al., 2009) and those studies revealed that ~95% of yeast genes have NFRs at 
both their 5’ and 3’ ends. Nucleosome positioning is highly dynamic, with a majority of them 
being strongly positioned; however some nucleosomes are less stable and seem to be positioned 
differently in different cells under different conditions (Jansen and Verstrepen, 2011). There are 
three major factors that emerge as regulators of nucleosome positioning in S. cerevisiae. First, 
the local DNA sequences influence nucleosome positions. AT content is a good predictor of 
nucleosome occupancy and high AT% correlates with low nucleosome occupancy, acting as 
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nucleosome-excluding sequences (Anderson and Widom, 2001; Field et al., 2008; Hughes and 
Rando, 2009; Iyer and Struhl, 1995; Lee et al., 2007b; Segal and Widom, 2009; Struhl, 1985; 
Tillo and Hughes, 2009; Yuan et al., 2005). Second, highly positioned nucleosomes in turn affect 
the positioning of neighboring nucleosomes. Third, RNA polymerases, and chromatin 
remodeling complexes can move or eject nucleosomes or can change the stability of specific 
nucleosomes through chemical modifications of histone tails (Kaplan et al., 2009; Kulaeva et al., 
2009; Kulaeva et al., 2010; Tirosh et al., 2010; Weiner et al., 2010; Whitehouse et al., 2007; 
Yarragudi et al., 2004). Transcription factors can compete with nucleosomes for accessing and 
binding DNA, which might influence nucleosome positions to some degree even though the 
mechanism of nucleosome depletion by transcription factors is not clear. Reb1p was found to 
bind promoter regions and promote NFR formation at certain sites with the aid of chromatin 
remodeling complex RSC (Angermayr and Bandlow, 1997; Erkine et al., 1996; Hartley and 
Madhani, 2009; Moreira et al., 2002; Raisner et al., 2005; Reagan and Majors, 1998). Koerber et 
al. (2009) (Koerber et al., 2009) showed that Reb1p strongly binds to the NFR-proximal border 
of the -1 nucleosomal DNA of divergently transcribed genes and promotes NFR formation by 
creating a boundary (Koerber et al., 2009). Hartley and Madhani proposed Reb1 might evict 
nucleosomes in vivo by recruiting RSC complexes (Hartley and Madhani, 2009). Our study at the 
specific locus ESC2-TFC6 has revealed a 5’-UTR extension of both divergently transcribed 
genes (ESC2 and TFC6) after Reb1p is depleted or the Reb1p consensus binding site is mutated. 
Since several lines of evidence suggest that DNA-bound Reb1p influences nucleosome 
positioning, we hypothesize that disrupted Reb1p binding in our experiments leads to altered 
nucleosome positioning. This in turn may be responsible for the extended 5’ TFC6 and ESC2 
mRNAs observed. We believe that some other possible mechanisms might exist for the 
108 
 
explanation of altered TSS selection, however, the importance of Reb1p for maintaining the 
normal TSS selection and preventing the overlap of two different transcripts at this locus cannot 
be exclusively eliminated.  
We have confirmed 5’- and 3’-UTR extensions at several different loci (Chapter 2 and 
Chapter 3) in both tfc6 mutants and specific B-box mutants. At TRM12 locus, a weak 5’ extended 
transcript was detected in tfc6 mutants whereas a strong 5’ extended transcript was found in 
yeast strains with the specific B-box mutation of tS(AGA)M. Additionally, we noticed that for 
some genes that have a tDNA or ETC site nearby, no altered transcripts were detected when the 
globally TFIIIC complex binding was compromised. ChIP assays from numerous studies 
suggested that the occupancy degree of all genome-wide tRNA genes by TFIIIC, TFIIIB and Pol 
III was variable across the genome (Kurjan et al., 1980; Moqtaderi and Struhl, 2004; Moqtaderi 
et al., 2010; Oler et al., 2010). DNA sequences that flanking various tRNA genes have been 
demonstrated to affect the stability of binding of TFIIIC and TFIIIB (Donze and Kamakaka, 
2001; Joazeiro et al., 1996; Sprague et al., 1980), and was found to positively and negatively 
influence the extent of tRNA gene transcription  (Raymond and Johnson, 1987). Therefore, it is 
possible that flanking sequences next to TFIIIC binding sites play an important role in 
determining the binding affinity, and therefore which TFIIIC-bound promoter elements can 
function as chromatin boundaries in addition to the internal promoter sequences. Flanking 
sequences may also affect the ability to block Pol II progression, and other extra-transcriptional 
effects of the Pol III complex. 
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We detected 6 genes with 3’-UTR extension in the tfc6 mutants. Among these 6 genes, 5 
of them have a tDNA in close proximity to the normal 3’ end (Figure 4.1). The other extended 
mRNA was observed to have only several base pairs extended at the 3’ end, 
 
Figure 4.1: Genes with a 3’-UTR extension in tfc6 promoter mutant yeast strains. A) CUT424 is 
located ~60bps upstream of the tK(CUU)P. Both are transcribed in the same direction. B) 
MRPS8 is located ~150bps upstream of the tM(CAU)M gene. Black arrow indicates the 
transcriptional direction. C) DFG5 is located ~160bps upstream of the tR(UCU)M1 and they are 
transcribed toward to each other. D) PCL5 is located ~150bps upstream of tF(GAA)H1. The 3’-
UTR extension at this locus has been confirmed by RT-PCR in Chapter 2. E) APC11 is located 
~260bps upstream of the tT(AGU)D and they are transcribed toward to each other. 3’ extended 
transcripts at these loci were detected to be statistically significantly increased between wild-type 
and tfc6 promoter mutants. 
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therefore may be a false positive since the overall transcription level of this gene was higher in 
tfc6 mutants than in wild type, will require a more detailed analysis. PCL5 is one example of a 
3’-UTR extension, and RT-PCR was performed to confirm the extended transcript at this locus. 
Since assembled Pol III complexes at chromosomal regions are known to function as barriers and 
insulators, we consider this a form of roadblock termination activity at these loci. We 
hypothesize that Pol III complexes might be involved in normal Pol II termination at these sites. 
Future experiments will investigate this possibility.  
Genome-wide pervasive transcription has been reported in many eukaryotic organisms 
(Bertone et al., 2004; Carninci et al., 2005; David et al., 2006; Dutrow et al., 2008; Li et al., 
2006; Stolc et al., 2004; Wilhelm et al., 2008). In Saccharomyces cerevisiae, bidirectional 
transcription from strong promoters generates pervasive intergenic cryptic transcripts such as 
CUTs, SUTs, MUTs, XUTs (introduced in Chapter 1), and NUTs (Nrd1-dependent unterminated 
transcripts), and these RNA transcripts are normally rapidly degraded by either the nuclear 
exosome or cytoplasmic degradation pathways (Schulz et al., 2013; Wyers et al., 2005; Xu et al., 
2009). Here, in our analysis of the transcriptome data of yeast strains with compromised TFIIIC 
complex binding, we confirm that many of them are located near a tDNA or ETC site. By 
globally weakening TFIIIC complex binding, Pol II transcription factors near these Pol III sites 
are allowed to bidirectionally load Pol II preinitiation complexes and generate additional or 
extended cryptic transcripts. In budding yeast, several examples of ncRNAs were revealed to 
have roles in gene regulation (Martens et al., 2004; Martens et al., 2005). At the SER3 locus, the 
serine-dependent transcription activator Cha4 binds to its UAS to promote transcription of a non-
coding SRG1 RNA at a high serine concentration. SRG1 transcription overlaps the TATA box 
and transcription start site of the SER3 mRNA, which inhibits SER3 expression by transcription 
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interference (Martens et al., 2004). Also, many examples of lncRNAs involved in gene 
regulation have been documented (Mercer et al., 2009; Ponting et al., 2009; Yazgan and Krebs, 
2007). Hence, those pervasive transcripts from bidirectional promoters are not always just 
transcriptional noise, and as in these regulatory examples, if left unchecked, progression of non-
coding transcription can have negative consequences on neighboring gene expression. 
Translational levels were analyzed for some genes that have long 5’-UTR extensions 
(TFC6 and TRM12 in Chapter 2; ESC2 in Chapter 3). Surprisingly, all three genes showed 
dramatically reduced expression at the translational level in the tfc6 mutant background. By 
manually inspecting DNA sequences within the extended 5’-UTR part, we found several 
additional start and stop codons not present in the normal mRNA, and most of these aberrant 
codons were not arranged in the original open reading frame. Therefore, we conclude that the 
compromised TFIIIC binding alters TSS integrity, and as a result further alters the translational 
level by introducing aberrant start and stop codons and reducing protein expression.  
Future Directions 
1) At the ATG31 locus, Korde et al (2014) found that a upstream cryptic transcript 
SUT467 can read through into the ATG31 coding region to form one long extended transcript 
when the intervening tDNA was mutated, which demonstrates the roadblock activity of the 
bound tDNA (Korde et al., 2014). After a closer look at this region, we found a Reb1p binding 
site is ~50bps downstream of the tDNA gene at the ATG31 locus (data from the SGD website). 
ChIP assays performed by Venters et al. (2011) found the Reb1p binding affinity at this locus 
with a log2 binding ratio 1.3 (from highest log2 binding ratio 6.49 to lowest log2 binding ratio 
0.76), which suggests that Reb1p does not strongly bind at this locus (Venters et al., 2011). 
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Recently it was demonstrated and confirmed that Reb1p could act as roadblock to block Pol II 
transcription (Colin et al., 2014). Given these results, we will ask whether replacing the original 
binding site with a strong consensus Reb1p binding site at ATG31 will block the progression of 
SUT467 transcription in the absence of a functional tDNA. 
2) REB1 is an essential gene in the yeast genome, and Reb1p acts as a weak 
transcriptional activator that is involved in gene regulation as discussed before. In Chapter 3, we 
created a specific yeast strain that allows depletion of Reb1p. Although altered nucleosome 
positioning is observed after Reb1p depletion, further analysis will ask whether other factors or 
mechanisms that are associated with Reb1p are aberrantly altered due to Reb1p depletion. RNA 
sequencing could be performed to compare wild type to Reb1p depleted strains. 
3) We found 5’-, 3’-UTR extension, readthrough transcript, and de-repression of 
intergenic cryptic transcripts when Tfc6p is underexpressed. However, what might we observe if 
the expression level of TFC6 is highly upregulated? Will it uncover more potential sites that 
have not been discovered that have TFIIIC complex binding (perhaps additional lower affinity 
ETC sites?). Will the overall increased TFIIIC activity affect additional nearby Pol II transcribed 
genes?  
Research on the regulation of gene activity by boundary elements is an important current 
focus. Assembled RNA Pol III complexes are well documented to have significant extra-
transcriptional effects on neighboring promoters. Our RNA sequencing analysis has provided a 
global picture that numerous coding and intergenic transcripts were affected when Pol III 
assembly system was interrupted. Since many of the effects appear to be due to the release of 
bidirectional activity of neighboring promoters, a new activity of bidirectional blocking could be 
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added to the list of known extra-transcriptional functions of RNA Pol III complexes bound to 
chromosomes. 
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